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RESUME 
Les traits des plantes qui sont a la base de l'ecologie comparee sont maintenant utilises pour 
comprendre les processus sous-jacents a 1'assemblage des communautes. Une vision 
largement acceptee est que, durant 1'assemblage de communautes, differents filtres, 
abiotiques et biotiques, agissent en selectionnant de facon differentielle les especes sur la 
base de leurs traits. Selon cette vision, les traits des especes determinent leurs probabilites a 
passer aux travers ces differents filtres. Par consequent, il est logiquement possible de predire 
l'abondance des especes a partir de leurs traits et done de predire les changements de 
composition floristique resultant de changements dans l'environnement. Au cours de ce 
doctorat, j 'ai adresse trois objectifs distincts en relation avec cette approche fonctionnelle de 
l'ecologie des communautes. 
Dans un premier temps, j 'ai cherche a decrire et quantifier les relations entre deux gradients 
environnementaux majeurs, le stress et les perturbations, et la composition en traits de 
communautes vegetales herbacees de debut de succession dans le sud du Quebec. De facon 
surprenante, les relations entre les traits mesures et ces deux gradients se sont averees faibles, 
suggerant que pour ces communautes les facteurs stochastiques lies a l'historique d'arrivee 
des especes sur les sites etaient encore preponderants. 
Dans un deuxieme temps, j 'ai determine s'il etait possible de predire l'abondance relative des 
especes dans une communaute vegetale a partir de leurs traits. Pour cela, nous avons teste, a 
l'aide d'un grand nombre de donnees empiriques provenant d'Angleterre, un modele de 
n 
prediction recemment propose. Les resultats obtenus montrent qu'il est possible de predire de 
facon precise les abondances des especes dans differents types d'habitats, mais que la 
precision de ces predictions est infiuencee par la structure de la communaute investiguee et 
par la taille du pool d'especes consideree. 
Finalement, j 'ai propose une methode permettant de quantifier l'importance relative de 
differents traits lors de l'assemblage des communautes. J'ai ensuite utilise ces informations 
pour identifier dans differents types de communautes une liste de trait optimale permettant 
d'obtenir des predictions precises de l'abondance des especes. J'ai applique cette methode 
sur des communautes vegetales herbacees du sud de la France, soumises a differentes 
pressions de paturage et differents niveaux de fertilite. Relativement peu de traits ont ete 
necessaires pour obtenir des predictions precises de l'abondance des especes, suggerant que 
l'assemblage dans ces communautes est gouverne par un faible nombre de traits cles. 
in 
REMERCIEMENTS 
J'aimerais tout d'abord remercier mon directeur de these et ma co-directrice de these, Bill 
Shipley et Marie-Laure Navas, sans qui ce travail n'aurait pu etre accompli. Je remercie Bill 
pour m'avoir permis de realiser ce doctorat dans les meilleures conditions, pour m'avoir 
transmis ces connaissances aussi bien en statistiques qu'en ecologie vegetale, pour sa 
disponibilite, sa confiance, et son incroyable rapidite a corriger les differentes versions 
d'articles que je lui ai envoye. Je remercie Marie-Laure, pour m'avoir accueillie a 
Montpellier durant un an me permettant ainsi d'approfondir mes connaissances en ecologie 
fonctionnelle a son contact, pour m'avoir permis de participer a des conferences 
internationales, et surtout pour ces conseils et remarques avises lors de la redaction des 
articles. Je remercie egalement les membres de mon comite de conseillers, Robert Bradley et 
Dany Garant. 
Je remercie les differents etudiants et techniciens qui ont contribue a la recolte des donnees 
que se soit a Sherbrooke, ou a Montpellier et plus particulierement Giancarlo, Jean, Virginie, 
Alain. Je remercie particulierement Adeline Fayolle pour avoir accepte de partager ses 
donnees avec moi, ainsi que Phil Grime et Ken Thompson pour nous avoir permis d'utiliser 
leur base de donnees de Sheffield. Bien sur un doctorat c'est egalement l'occasion de 
rencontrer et de discuter avec des chercheur(e)s et des etudiant(e)s interesses a differents 
domaines, et dont les conseils se sont averes utiles lors de ces quatre ans. Je remercie done 
tous les membres du laboratoire d'ecologie de l'universite de Sherbrooke (en particulier 
Samuel, Philippe, Maurice, Patrice, Cedric, Bob, Maxime, Cynthia et le petit nouveau 
Antoine) ainsi que les membres de l'equipe ECOPAR du CEFE a Montpellier (Eric Gamier, 
Cyrille Violle, Catherine Roumet). 
IV 
TABLE DES MATIERES 
LISTE DES TABLEAUX IX 
TABLES DES FIGURES ., X 
LISTE DES ANNEXES XII 
INTRODUCTION 1 
A - AVANT PROPOS 2 
B - STRUCTURE ET ASSEMBLAGE DES COMMUNAUTES VEGETALES: DES PATRONS AUX PROCESSUS 3 
1 - La reconnaissance de patrons recurrents 3 
a - Les courbes de dominance-diversity 3 
b - Richesse specifique versus productivity et perturbation 5 
2 - Expliquer les patrons d'association des especes et {'assemblage des communautes 6 
a - La theorie des niches ou l'heritage du darwinisme 7 
b - L'approche neutre ou l'importance du hasard dans l'assemblage des communautes 9 
C - VERS UNE APPROCHE PREDICTIVE DE L'ECOLOGIE DES COMMUNAUTES 10 
1 - Pourquoi? Le constat, un monde en changement! 10 
2 - De la difficulte de mettre en ceuvre les modeles d'assemblage des communautespreexistants 12 
a - Le modele de Lokta-Volterra (Volterra, 1931) 12 
b - Le modele du rapport des ressources de Tilman (1988) 13 
D - DE L'IMPORTANCE DES TRAITS DES ESPECES DANS L'ASSEMBLAGE DES COMMUNAUTES., 14 
1 - La reconnaissance de syndromes de traits 75 
a - Les strategies des plantes 15 
b - Le spectre economique des feuilles 16 
2 - L'approchefonctionnelle des regies d'assemblage 18 
a- L'approche originelle de Diamond 18 
b - L'approche de Keddy (1992b;1992b) 19 
c - Les filtres environnementaux, quels sont-ils ? 20 
3 - Effets des filtres sur la dispersion des traits 23 
V 
4 - Effets du stress, des perturbations et de la competition sur la structure fonctionnelle des communautes 
vegetales 25 
a - Reponse fonctionnelle des communautes au stress 25 
b - Reponse fonctionnelle des communautes aux perturbations 26 
c - Comment suivre les variations dans la composition en traits le long des gradients environnementaux 27 
E - PREDIRE L'ABONDANCE RELATIVE DES ESPECES A PARTIR DE LEURS TRAITS, LE MODELE MAXENT 29 
/ - Le modele biologique 29 
2 - Le fonctionnenent du modele '. 30 
a- Les composantes d'un modele maxent 30 
b - Un processus en deux Stapes 31 
c - Et pourquoi pas la distribution qui minimise d'entropie? 32 
3 -Maxent, un modele a tester. 33 
a- Les critiques du modele 33 
b - Un modele recent encore peu teste 34 
F - LES OBJECTIFS DU PROJET ET ORGANISATION DU MANUSCRIT 36 
/ - Une exploration qualitative et quantitative des relations entre traits et environnement. 36 
2 - D'une ecologie descriptive a une ecologie predictive, sur le test d'un modele de prediction 
d'abondances 37 
3 - Quantifier I 'importance relative des traits dans la determination de la structure des communautes, 
vers une liste optimale de traits 37 
4 - Trois objectifs, trois bases de donnees : 38 
CHAPITRE I -UNE EXPLORATION QUALITATIVE ET QUANTITATIVE DES PATRONS DE 
RELATIONS ENTRE TRAITS DES PLANTES ET GRADIENTS DE STRESS ET DE 
PERTURBATION 40 
AVANTPROPOS 41 
ABSTRACT: 43 
INTRODUCTION 44 
MATERIALS AND METHODS 47 
Vegetation releves 47 
Trait matrix 47 
Environmental variables .• 49 
Statistical procedure 50 
RESULTS: 51 
VI 
Environmental gradient and measurement model 51 
Relationships with community-weighed parameters 53 
DISCUSSION 56 
The measurement model: 56 
CWM-environment linkages: 58 
Trait dispersion along studied gradients 59 
Why so many weak relationships? 59 
CONCLUSIONS 60 
REFERENCES 62 
CHAPITRE II -DES TRAITS AUX ABONDANCES DES ESPECES, SUR LE TEST EMPIRIQUE DU 
MODELE MAXENT 73 
AVANTPROPOS 74 
ABSTRACT 77 
INTRODUCTION 78 
MATERIAL AND METHODS 80 
The maxent model , 80 
The biological model 80 
The mathematical translation 81 
Sheffield data base 84 
Three scenarios of local community assembly 86 
Scenario 1 ("pure local trait-based assembly") 86 
Scenario 2 ("pure local neutral assembly") 87 
Scenario 3 ("hybrid model") , 88 
The effect of the size of the geographical species pool. 88 
Taking into account missing traits 88 
Running the different models and evaluation of predictive ability 89 
RESULTS 93 
Scenario 1 ("local trait-based assembly") 96 
Scenario 2 ("local neutral assembly") 97 
Scenario 3 ("hybridscenario") 98 
DISCUSSION 100 
General considerations 100 
Effects of species pool size 103 
vn 
Introducing habitat affinities 104 
Combining neutral and trait based processes 104 
CONCLUSION .' 107 
REFERENCES 108 
CHAPITRE III -QUANTIFIER L'IMPORTANCE RELATIVE DES TRAITS DANS LA 
DETERMINATION DE LA STRUCTURE DES COMMUNAUTES, VERS UNE LISTE OPTIMALE 
DE TRAITS I l l 
AVANTPROPOS 112 
ABSTRACT: 115 
INTRODUCTION: 117 
MATERIAL AND METHODS: 120 
The study site and land-use regimes: 120 
Vegetation releves and traits screening: 120 
Quantifying trait importance in the prediction of species relative abundances 122 
Statistical analysis and stepwise selection procedure 124 
RESULTS: 125 
Direction and strength of environmental filtering among traits and treatments 125 
Prediction of species abundances and optimal list of traits 727 
DISCUSSION: 131 
Limit of the approach 131 
Testing our approach with experimental data: patterns of traits filtering under different land use regimes 
131 
Testing our method with experimental data: the optimal lists of traits 133 
REFERENCES: 134 
CONCLUSIONS GENERALES 139 
BIBLIOGRAPHIE '. 144 
viii 
LISTE DES TABLEAUX 
CHAPITRE I: 
TABLE 1: Studied traits and environmental variables.— 48 
TABLE 2: Standardised structural equations. — 53 
CHAPITRE II: 
TABLE 1: List of traits used to predict species abundances. 85 
TABLE 2: Predictive ability obtained in the three different scenarios of 
community assembly from different sizes of species pool. 
TABLE 3: Comparison of the different models using the Gj index. 94 
CHAPITRE III: 
TABLE 1: List of the 12 traits used in this study.-— — 121 
TABLE 2: Results of the stepwise selection procedure explained in methods.— 128 
TABLE 3: Optimal lists of traits resulting from the stepwise selection procedure 
of traits in the different land-use treatments. — 130 
IX 
TABLES DES FIGURES 
INTRODUCTION 
FIG URE1: Distributions d' abondances et courbes de dominance-diversite 4 
FIGURE 2: Courbe theorique de relation entre la richesse specifique d'un site 
et sa productivite 6 
FIGURE 3: Le concept de separation de niches, chevauchement de niches et 
limitation de la similarite 8 
FIGURE 4: Les effets de l'homme sur le fonctionnement des ecosystemes 12 
FIGURE 5: Le triangle CSRde Grime (1979) 15 
FIGURE 6: Le spectre economique des feuilles 18 
FIGURE 7: Representation schematique des processus d'assemblage vue sous 
une approche fonctionnelle 20 
FIGURE 8: Comment mesurer stress et perturbation? 23 
FIGURE 9: Consequences des filtres environnementaux successifs sur la 
dispersion des traits au sein des communautes vegetales 24 
FIGURE 10: Resultats d'ordination de 64 sites (DCA) bases sur les valeurs 
moyennes de 24 traits 25 
FIG URE 11: Le modele maxent un fonctionnement en deux etapes 31 
FIGURE 12: Le premier test empirique du modele maxent 35 
FIGURE 13: Exemples de communautes vegetales etudiees au cours de ce 
doctorat 39 
x 
CHAPITRE I: 
FIGURE 1: Hypothetical measurement model of stress and disturbance 50 
FIGURE 2: Final and fully parameterized measurement model of stress and 
disturbance and corresponding standardized solution 52 
FIGURE 3: Traits patterns along stress gradients. 54 
FIGURE 4: Traits patterns along disturbance gradients 55 
CHAPITRE II: 
FIG UREI: Results of scenario 1 without habitat affinities 95 
FIGURE 2: Predictive ability of the model in relation to vegetation structure 
FIGURE 3: Results of scenario 3 with habitat affinities 99 
CHAPITRE III: 
FIGURE I: Mean lambdas values along with confidence interval (95%) of the 
12 traits across the 4 land use treatments 126 
FIGURE 2: Predicted and observed relative abundances of the 68 species over 
the 32 plots 129 
XI 
LISTE DES ANNEXES 
CHAPTER I: 
APPENDIX 1: Additional information on the 48 studied sites. 67 
APPENDIX 2: Results of linear or generalised additive models between traits 71 
and stress and disturbance. — -
APPENDIX i: Predicting trait composition from environment. — 72 
CHAPTER II: 
APPENDED I: Correlation matrix between the 12 traits used in this study. 139 
xii 
INTRODUCTION 
1 
A - Avant propos 
Depuis les travaux precurseurs de Clements (1916 ; 1936), Gleason (1917 ; 1926), et Tansley 
(1920) au debut des annees 1900 et jusqu'a nos jours, les ecologistes des communautes ont 
cherche a repondre a deux questions. L'ecologiste Robert H. Whittaker (1975) a enonce en 
ces termes le premier de ces objectifs : 
"A community consists of species - many species with different kinds of population 
fluctuation and interaction with one another. We can say something about the 
community by giving a list of its species composition, but a community is poorly 
described by such a list alone. We want to know more than composition: how 
different species contributed to the community's structure, how species fit together 
to make up the community as a whole, what the relative importance of the different 
species mean, what determines the numbers of species that make different 
communities, and so on. " 
Selon Whittaker, le travail d'un ecologiste consiste done non seulement a decrire mais 
surtout a expliquer les patrons d'association d'especes observes dans la nature, afm de 
comprendre comment les communautes s'assemblent. La comprehension de ces processus 
represente, quand a elle, une etape primordiale vers le second objectif, e'est-a-dire le passage 
d'une science purement descriptive a une science predictive. 
"Given the world's growing environmental problems, the need for accurate 
predictive models for ecological communities has never been greater ... Indeed, a 
major criticism of community ecology is that it is still a soft science dealing 
primarily with description of plant and animal associations rather than a hard 
science making accurate predictions about specified state variables. The transition 
to a hard science is not only important for the growth of the discipline, but is 
essential to guide political decision making about environmental issues. "(Keddy, 
1992a) 
En 2009, ces differents objectifs sont-ils atteints ? Les scientifiques ont-ils mis en evidence 
des patrons particuliers dans la structure des communautes? Existe t-il, aujourd'hui, un 
consensus quand aux mecanismes generant ces patrons? Sommes-nous capables de predire 
2 
les changements de composition floristique et d'abondances des especes induits par des 
changements dans l'environnement? En somme, le passage d'une ecologie descriptive (« soft 
science ») a une ecologie predictive (« hard science ») a-t-il ete franchi? 
B - Structure et assemblage des communautes vegetales: des 
patrons aux processus 
1 - La reconnaissance de patrons recurrents 
"While on one hand there is the overwhelming species diversity of the biosphere, 
there is also dramatic and obvious repetition of certain themes. That is, there are 
recurring melodies as well as different notes. " (Keddy, 1990) 
a - Les courbes de dominance-diversite1 
L'ensemble des travaux realises en ecologie des communautes depuis un siecle ont permis 
d'acquerir un nombre considerable de donnees concernant la composition en especes et/ou a 
l'abondance relative de celles ci, au sein d'un grand nombre de communautes d'organismes 
et dans des environnements contrasted. Malgre des differences importantes entre ces 
communautes, les scientifiques ont mis en evidence la presence de patrons redondants dans la 
structure des communautes vegetales (Fisher et al, 1943 ; MacArthur, 1957 ; MacArthur et 
1
 II s'agit de courbes dormant le nombre d'especes ayant une abondance donnee dans la communaute 
(sans fournir une identification claire de ces especes). Elles different des courbes obtenues a l'aide du 
modele de Shipley et al. (2006), qui elles donnent l'abondance relative de chacune des especes (a une 
espece particuliere connue est associee une abondance) 
3 
Levin, 1967 ; May, 1975 ; May, 1986). L'un des ces patrons montre que la plupart des 
communautes vegetales sont composees par un faible nombre d'especes ay ant une forte 
abondance et au contraire par un grand nombre d'especes representees uniquement par 
quelques individus (Figure 1). Plusieurs formulations mathematiques ont ete proposees pour 
decrire ces patrons (Motomura, 1932 ; Fisher et al, 1943 ; Preston, 1948 ; MacArthur, 1957 ; 
Sugihara, 1980 ; Hubbell, 2001) et ont ete testees dans differents types de communautes 
(figure le). 
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Figure 1: Distributions d'abondances et courbes de dominance-diversite 
Exemples de distributions d'abondances relatives des especes obtenues dans notre etude d'une part 
sur a) l'ensemble des 3405 quadrats et b) sur seulement l'un des quadrats de la base de donnees de 
Sheffield, et d'autre part sur c) l'ensemble des 48 quadrats et d) sur seulement un quadrat de la base 
de donnees de Sherbrooke. Le graphique e) donne les courbes de dominance-diversite obtenues au 
travers de trois modeles mathematiques : A « broken stick model » (MacArthur, 1957); B le modele 
geometrique (Motomura, 1932 ; Sugihara, 1980), C le modele log normal (Preston, 1948). 
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b - Richesse specifique versus productivity et perturbation 
La relation existant entre d'une part la richesse specifique d'un site et d'autre part sa 
productivite constitue l'un des patrons les plus etudies en ecologie vegetale (Gough et al, 
1994 ; Waide et al, 1999 ; Mittelbach et al, 2001). Grime (1973 ; 1979) a tres tot note 
l'existence d'une relation quadratique entre richesse specifique et productivite d'un habitat 
(Figure 2). Cette relation montre une diversite faible dans les environnements tres peu ou trop 
productifs, et au contraire une richesse maximale pour des valeurs intermediaires de 
productivite. Cependant cette courbe qualifiee de "Humped shaped' n'est pas la seule 
envisagee et on retrouve a travers la litterature (i) des relations lineaires negatives ou 
positives; (ii) des relations quadratiques convexes ; (ii) ou encore pas de relation significative 
entre diversite et productivite (Gough et al, 1994 ; Waide et al, 1999 ; Mittelbach et al, 
2001). Ces resultats contradictoires s'expliqueraient par l'echelle spatiale considered 
(Oksanen, 1996 ; Jonsson et Moen, 1998), ou par des differences dans l'etendue du gradient 
de productivite considere (Mittelbach et al, 2001). II est possible, en effet, que l'ensemble 
des sites d'une etude forme un gradient de productivite relativement court par rapport a 
l'etendue maximale observable en nature (Figure 2). Dans ce contexte, 1'etude peut se 
restreindre a la partie ascendante de la courbe "Humped shaped" et done identifier une 
relation lineaire positive, ou au contraire, se restreindre a sa partie descendante et done 
identifier une relation lineaire negative (Figure 2).. Un autre patron couramment cite en 
ecologie vegetale montre que les perturbations ont un effet sur la richesse specifique des 
communautes vegetales. Plus precisement, tout comme la productivite, la richesse specifique 
est plus importante dans les milieux subissant des perturbations intermediaires mais devient 
plus faible dans les milieux pas ou trop perturbes, resultant egalement en une relation 
quadratique! 
2
 Tout au long de cette these nous avons prefere Putilisation du terme stress. Nous conservons ici le 
terme de productivite puisqu'il s'agit du terme le plus utilise dans ce contexte specifique. 
5 
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Figure 2 : Courbe theorique de relation entre la richesse specifique d'un site et sa productivite. 
La richesse specifique est maximale (RSmax) pour des valeurs intermediaires de productivite. Le 
graphique montre egalement comment il est possible d'obtenir d'autres types de relations, suivant 
Petendue du gradient considere. RLP signifie relation lineaire positive, RLN relation lineaire negative 
et PR pas de relation significative. 
2 - Expliquer les patrons d'association des especes et l'assemblage des 
communautes 
Deux approches majeures ont ete proposees par les scientifiques pour expliquer l'assemblage 
des communautes. La premiere correspond a une vision deterministe de l'assemblage des 
communautes dont la theorie des niches (Grinnell, 1917 ; Hutchinson, 1957 ; Hutchinson, 
1959) et les regies d'assemblage en sont deux exemples. La seconde (Grinnell, 1917 ; 
Hutchinson, 1957 ; Hutchinson, 1959) correspond a une vision neutre de l'assemblage des 
communautes (MacArthur et Wilson, 1967 ; Bell, 2000 ; Hubbell, 2001) dont un bon 
exemple est la theorie neutre de Hubbell (2001). 
i 
I 
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a-La theorie des niches ou Vheritage du darwinisme 
i - Del 'importance de la competition 
Le principe d'exclusion competitive, mis en evidence dans les travaux de Gause (1934), 
stipule que la competition tend a exclure les especes les moins performantes. Ce principe 
d'exclusion competitive, dont une formalisation mathematique se retrouve dans les equations 
de competition de Lokta et Volterra (1931), est a la base de la theorie des niches. Selon ce 
principe, la coexistence de plusieurs especes dans un milieu donne peut etre expliquee 
uniquement par le fait que ces especes limitent leur competition en exploitant des ressources 
differentes. 
ii - La notion de niche ecologique 
L'utilisation du terme de niche remonte aux travaux precurseurs de Grinnell (1917) sur le 
moqueur de Californie (Toxostoma redivivum), mais c'est surtout Hutchinson (1957) qui plus 
tard en fera une theorie plus generate de l'ecologie des communautes. Le concept de niche se 
concentre sur la facon dont une espece est reliee aux autres au sein d'une meme communaute, 
et se distingue de la notion d'habitat, qui constitue l'ensemble des conditions 
environnementales dans lesquelles une espece se rencontre (Whittaker et Levin, 1975). Une 
niche peut done etre consideree comme un hyper volume ou les individus de 1'espece 
peuvent survivre et se reproduire dans un espace mathematique defini par N axes, et dans 
lequel chaque dimension correspond a une ressource de l'environnement (Hutchinson, 1957). 
La position d'une espece dans cet hyper volume depend de facteurs environnementaux 
comme le pH, et de ces besoins en differentes ressources, mais sans considerer les effets des 
autres especes. Le sous-espace ainsi cree constitue la niche fondamentale (Hutchinson, 1957) 
et se distingue de la niche realisee qui correspond a la zone de la niche fondamentale ou les 
individus de 1'espece peuvent survivre et se reproduire en interaction avec d'autres especes. 
7 
Selon la theorie des niches, Passemblage des communautes tend done a selectionner des 
especes adaptees a leur milieu mais occupant des niches realisees differentes (Figure 3), ce 
dernier principe etant connu sous le nom de reduction de similarite (MacArthur et Levin, 
1967). 
Separation de Chevauchement de 
niches niches 
8 A / \ B / ~ N C A D/~/ 1
 ffw\ 
Gradient environnemental 
Figure 3: Le concept de separation de niches, chevauchement de niches et limitation de la 
similarite. 
La coexistence de plusieurs especes dans un milieu donne n'est possible que si ces especes ont des 
niches ecologiques relativement differentes et done un faible chevauchement de niches. 
Hi - Expliquer les patrons de richesse specifique 
Puisque la richesse specifique d'un site depend de sa productivite et du niveau de 
perturbation, il est possible d'expliquer ces patrons par reference a la theorie des niches et 
plus particulierement a la competition. En effet, Grime (1973) postule que l'intensite de la 
competition augmente avec la productivite d'un site, conduisant a terme a l'exclusion des 
especes les moins competitrices. Dans les habitats tres productifs et non perturbes, la densite 
des individus est telle que la lumiere necessaire au developpement des plantes devient la 
ressource la plus limitante. Dans ce contexte, les especes les plus efficaces dans l'acquisition 
de la lumiere eliminent les autres, reduisant ainsi le nombre total d'especes pouvant coexister 
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sur ce type d'habitat. A l'oppose, les milieux peu productifs imposent des limites de 
croissance, et seule une petite proportion d'especes sont adaptees a ces conditions. 
Parallelement, l'hypothese de perturbation intermediaire ^intermediate disturbance 
hypothesis") discute du role particulier des perturbations sur les patrons de richesse 
specifique (Huston, 1979). Selon cette hypothese, les perturbations en reduisant une partie de 
la biomasse aerienne, diminuent la competition pour la lumiere et empechent les phenomenes 
d'exclusions competitives de se produire. Par consequent, pour un meme niveau de stress un 
habitat perturbe presentera une plus grande diversite qu'un habitat non perturbe (Day et al., 
1988 ; Campbell et Grime, 1992 ; Turkington et al., 1993 ; mais voir Mackey et Currie, 
2000). Cependant la theorie des niches ne permet apparemment pas d'expliquer la 
coexistence des especes dans les ecosystemes tres diversifies comme les forets tropicales ou 
les recifs coralliens (Voir cependant, Kraft et al., 2008). II faudrait, en effet, selon le principe 
de reduction de similarite, que chaque espece ait une niche ecologique qui lui est propre. 
b-L'approche neutre ou I'importance du hasard dans Vassemblage des 
communautes 
La theorie generale de biogeographie des iles proposee par Robert H. MacArthur et Edward 
O. Wilson (1967) tente d'expliquer les patrons de biodiversite en faisant intervenir 
uniquement des phenomenes stochastiques, tels migrations et extinctions. En cela, elle 
constitue la premiere theorie neutre. Plus recemment, Stephen P. Hubbell (2001) a developpe 
les idees de MacArthur et Wilson et propose : "The Unified Neutral Theory of Biodiversity 
and Biogeography". Cette theorie postule que tous les individus d'une communaute sont 
ecologiquement equivalents, a savoir que chaque individu possede la meme probabilite de 
dormer naissance, de mourir, de migrer, et d'evoluer vers une autre espece. Par ces 
suppositions, la theorie neutre de Hubbell se rapproche de la theorie neutre de derive 
9 
genetique (Kimura, 1968). Dans ce cadre, la presence ou l'absence d'une espece a l'interieur 
d'une communaute est dictee uniquement par des phenomenes de dispersions aleatoires, et 
des evenements stochastiques, tels qu'extinctions et speciations. 
Depuis sa publication en 2001, la theorie de Hubbell a suscite un grand interet de la part de la 
communaute scientifique internationale. Une grande quantite d'etudes empiriques ont ainsi 
tente de la refuter (Adler, 2004) ou de la valider (Volkov et al, 2003), ou encore de 
reconcilier theorie des niches et theorie neutre (Tilman, 2004). Si certaines etudes ont montre 
l'efficacite de la theorie de Hubbell pour predire les patrons de richesse specifique et 
d'abondance relative, la plupart ont ete realisees sur les memes ecosystemes (Chave, 2004), a 
savoir, les forets tropicales humides et les recifs coralliens (Volkov et al, 2003). L'apparente 
efficacite du modele de Hubbell dans ces etudes tient plus au fait que le concept de separation 
de niches ne semble pas expliquer la coexistence des especes dans ces ecosystemes tres 
diversifies. Les quelques experiences effectuees sur d'autres types de communautes ont 
conduit a des resultats contradictoires (Fargione et al., 2003 ; Harpole et Tilman, 2006). Plus 
encore, l'hypothese d'equivalence ecologique sous-jacente a la theorie neutraliste de Hubbell 
n'est pas valide (Chave, 2004). 
C - Vers une approche predictive de Pecologie des communautes 
1 - Pourquoi? Le constat, un monde en changement! 
"Human alteration of Earth is substantial and growing. Between one-third and 
one-half of the land surface has been transformed by human action; the carbon 
dioxide concentration in the atmosphere has increased by nearly 30 percent since 
the beginning of the Industrial Revolution; more atmospheric nitrogen is fixed by 
humanity than by all natural terrestrial sources combined; more than half of all 
accessible surface fresh water is put to use by humanity; and about one-quarter of 
the bird species on Earth have been driven to extinction. By these and other 
standards, it is clear that we live on a human-dominated planet. " (Vitousek et al, 
1997c) 
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Le developpement de modele quantitatif permettant d'effectuer des predictions precises 
represente une etape importante du processus scientifique dans de nombreux domaines, et 
revet actuellement un interet tout particulier en ecologie. En effet, le monde change et la 
responsabilite de l'homme dans ces changements est evidente (Vitousek et al, 1997c ; 
Chapin et al, 2000). Les impacts de l'homme sur son environnement sont nombreux, 
diversifies et generalement negatifs. (i) Les changements climatiques dus aux fortes 
emissions de gaz a effets de serre durant le siecle dernier (Walther et al, 2002), (ii) 
1'introduction d'especes exotiques (Vitousek et al, 1997b), (iii) les bouleversements des 
cycles biogeochimiques du carbone et de l'azote (Vitousek et al, 1997a ; Magnani et al, 
2007)et (iv) les changements dans l'utilisation des terres (Goldewijk, 2001 ; Rounsevell et 
al, 2006) sont d'autres exemples flagrants de Taction de l'homme sur son environnement 
pouvant affecter a terme la structure des communautes, le fonctionnement des ecosystemes et 
les services offerts par ces derniers (Figure 4). Cependant, le bien etre des societes humaines 
depend en grande partie des services rendus par les ecosystemes, lesquels nous fournissent 
non seulement eau et nourriture, mais remplissent egalement un grand nombre de fonctions 
vitales (Costanza et al, 1997 ; Schroter et al, 2005 ; Turner et al, 2007). Dans ce contexte 
de changement globaux, il devient done important de pouvoir predire de facon precise et 
idealement de facon quantitative la reponse des communautes vegetales aux changements 
globaux. 
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« Activites humaines 
f 
Services offerts 
ir les ecosystemes 
Proprietes des 
ecosystemes 
x : 
Controles biotiques 
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-Modulateurs (pH, temperature) 
-Regime de perturbations 
Figure 4: Les effets de l'homme sur le fonctionnement des ecosystemes. 
Schema des relations entre activites humaines, changements globaux, environnements biotiques et 
structure des communautes et leurs impacts sur les proprietes des ecosystemes et les services offerts 
aux societes humaines. Repris de Hooper et al. (2005). 
2 - De la difficulty de mettre en oeuvre les modeles d'assemblage des 
communautes preexistants 
Des modeles d'assemblage des communautes existent depuis longtemps. Cependant, la 
plupart d'entre eux fournissent des predictions qualitatives et les quelques modeles 
permettant d'obtenir des predictions quantitatives necessitent un grand nombre de 
parametres, lesquels sont en general difficiles a mesurer. 
a - Le modele de Lokta-Volterra (Volterra, 1931) 
Applique le modele de dynamique des populations de Lokta Volterra en ecologie des 
communautes pour predire la structure d'abondances au sein des communautes vegetales est 
Changements globaux 
-Cycles biogeochimiques (C,N, P) 
-Utilisations des terres 
-Climat 
-Invasions d'especes 
Communautes 
-Richesse 
-Composition 
-Dominance 
-interactions 
Traits des 
especes 
Pi 
i-» 
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une entreprise compliquee. En effet, le modele de Lokta-Volterra bien que simplifiant 
considerablement les processus sous-jacents a 1'assemblage des communautes, requerrait tout 
de meme la mesure de S(S+2) parametres s'il etait applique a une communaute vegetale 
contenant S especes. Dans la mesure ou un grand nombre d'especes peuvent entrer en 
competition dans un espace donne, il devient difficile, voir impossible, d'appliquer ce modele 
et ses derives (May, 1972) aux communautes naturelles (Roxburgh et Wilson, 2000a ; 
Roxburgh et Wilson, 2000b). Ceci est d'autant plus vrai que les differents parametres du 
modele varient egalement avec Penvironnement 
b - Le modele du rapport des ressources de Tilman (1988) 
Une alternative plus simple aux equations de competition de Lokta Volterra se retrouve dans 
le modele du rapport des ressources de Tilman (1988). La difference majeure avec le modele 
precedant est qu'il met l'emphase sur le(s) ressource(s) limitant la croissance des plantes. 
Dans ce modele, a chaque espece est attribue un parametre, R*, decrivant sa capacite a 
reduire la quantite de ressources disponible aux autres plantes. Etant donne une communaute 
de S especes dont la croissance est limitee par R ressources. Pour appliquer le modele de 
Tilman, il faudrait mesurer S(3+R)+2R parametres en supposant que ces differents 
parametres ne varient pas dans le temps et dans l'espace. A l'exception des systemes simples 
comme les communautes d'algues sur lesquelles le modele a ete teste initialement, il n'est, en 
pratique, pas possible d'obtenir le parametre R* dans les communautes vegetales ou les 
especes entre en competition pour plusieurs ressources. Par consequent, le modele du rapport 
des ressources de Tilman reste difficile a mettre en pratique dans les communautes vegetales. 
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D - De Pimportance des traits des especes dans l'assemblage des 
communautes 
L'ensemble des theories presentees plus tot pour expliquer l'assemblage des communautes 
mettaient l'emphase sur les especes. Cependant et plus recemment, les scientifiques ont 
evolue vers une approche basee sur les caracteristiques des especes, appelee approche trait, 
ou encore approche fonctionnelle. Cette approche basee sur les travaux anterieurs d'ecologie 
comparative (Grime et ah, 1988) vise a detecter des associations particulieres entre les traits 
des especes et leur presence et abondance dans des environnements donnes, et offre la 
possibility d'unir plusieurs niveaux d'organisations allant des individus aux ecosystemes tout 
en passant par les communautes (Lavorel et Gamier, 2002 ; McGill et ah, 2006 ; Shipley, 
2007). En effet, les traits d'histoire de vie des especes affectent la performance des individus 
dans differents environnements (Westoby et ah, 2002 ; Ackerly, 2003 ; Wright et ah, 2004 ; 
Poorter et ah, 2008) et sont, par consequent, implicitement relies a leur niche ecologique 
(Mouillot et ah, 2005 ; Violle et Jiang, 2009). L'utilisation d'une approche trait presente 
egalement l'avantage de pouvoir generaliser les resultats d'une etude a d'autres systemes, 
puisque les traits sont des caracteristiques partagees par l'ensemble des plantes superieures. 
3
 Nous suivrons ici la definition de trait propose par Violle et ah (2007) lesquels definissent un trait 
comme une caracteristique morphologique, physiologique ou phenologique mesuree a l'echelle de 
l'individu independamment du contexte environnemental. 
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1 - La reconnaissance de syndromes de traits 
a - Les strategies des plantes 
Le triangle de strategies CSR (Figure 5, Grime, 1974 ; Grime, 1977 ; Grime, 1979) repose 
sur 1'assertion, qu'il existe deux determinants controlant les communautes herbacees : le 
stress et les perturbations. Selon Grime, ces facteurs sont autant de forces selectives 
aboutissant a des strategies distinctes chez les plantes. II est par consequent possible 
d'ordonner les especes dans un espace dont les axes correspondent aux variations dans ces 
trois forces. 
Figure 5: Le triangle CSR de Grime (1979). 
Grime defini trois types majeurs d'habitats les milieux (i) peu stresses et peu perturbes (ii) les 
milieux stresses mais peu perturbes et (iii) les milieux peu stresse mais tres perturbes, pour lesquelles 
les plantes ont developpe trois grandes strategies. On distingue respectivement les plantes 
competitrices (C), les especes resistantes aux stress (S) et les especes ruderales chacune disposant de 
traits particuliers. 
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L'ordination des especes dans le triangle CSR repose sur la mesure de traits directement 
relies aux capacites de competition des especes, et a la tolerance face aux stress et aux 
perturbations. Dans ce modele, il existe trois strategies majeures correspondant aux habitats 
les plus extremes (a chaque angle du triangle). La strategie C reunie les especes capables de 
survivre dans les milieux les plus fertiles et les moins perturbes, ou la selection a confere aux 
especes des traits leur permettant une grande habilite competitive. II s'agit en general 
d'especes de grandes tailles (Gaudet et Keddy, 1988 ; Keddy et Shipley, 1989) ayant la 
capacite de s'etendre lateralement. La strategie S au contraire regroupe les especes tolerantes 
aux stress (milieux stresses et non perturbes) caracterisees par une croissance relative lente. 
Enfin, la strategie R associe toutes les especes repondant positivement aux perturbations 
(milieux perturbes mais non stresses). Ces especes dites ruderales ont en general (i) une 
croissance rapide permettant de repousser plus rapidement apres un evenement de 
perturbation, (ii) une courte duree de vie et (iii) un investissement important dans la 
reproduction avec de nombreuses petites graines capables d'atteindre les sites nouvellement 
perturbes rapidement et de former une banque de graines persistante (Thompson et al, 1993). 
Competition, perturbations et stress etant tout trois des gradients continus, il existe egalement 
des strategies intermediaires aux trois extremes presentes plus tot. 
b-Le spectre economique des feuilles 
L'ecologie comparative (Grime et al, 1988) et les travaux des ecophysiologistes (Kikuzawa, 
1991 ; Reich et al, 1992 ; Poorter et de Jong, 1999 ; Reich et al, 2003) ont contribue a la 
connaissance d'une grande quantite de traits pour une large gamme d'especes (GLOBNET, 
Wright et al., 2004 ; LED A, Kleyer et al., 2008) et a leurs variations le long de gradients 
particuliers (Givnish, 1987 ; Wright et al, 2001 ; Ackerly et al, 2002). Parallelement, 
1'analyse des covariations entre ces traits a ete entreprise et a reconnu des patrons de 
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correlations globaux aux niveaux des traits foliaires (Reich et al, 1997 ; Reich et al, 1999 ; 
Wright et al, 2004 ; Wright et al, 2005) suggerant des compromis dans le fonctionnement 
des plantes, dont le plus connu est le compromis acquisition et conservation des ressources. 
Ce dernier se traduit par des covariations particulieres aux niveaux des traits foliaires (Figure 
6), connus depuis sous le nom spectre economique des feuilles (Wright et al., 2004), et qui 
segrege les especes a croissance rapide adaptees aux milieux fertiles, des especes a croissance 
lente rencontrees dans les habitats stresses (Grime et Hunt, 1975). Les plantes des milieux 
riches ont une vitesse specifique de croissance (VSC, RGR) rapide, associee a une forte 
assimilation nette {Amax) laquelle est reliee a (i) une forte surface specifique foliaire, (ii) une 
grande concentration d'azote dans les feuilles, et a (iii) une duree de vie des feuilles 
relativement faible (Reich et al, 2003 ; Wright et al, 2004). A l'oppose, les plantes des 
milieux pauvres affichent le patron inverse avec de plus, de fortes concentrations de 
metabolites secondaires, offrant une protection contre les herbivores (Grime et al, 1996). 
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Figure 6: Le spectre economique des feuilles. 
Representation graphique en 3 dimensions des interrelations entre duree de vie des feuilles (LL), 
capacite photosynthetique (Amass, Aarea), respiration (Rmass), masse specifique foliaire (LMA) et 
quantites d'azote (Narea, Nmass), de phosphore (Pmass) foliaire. Tire de Wright et al. (2004). 
2 - L'approche fonctionnelle des regies d'assemblage 
a-L 'approche originelle de Diamond 
La theorie des regies d'assemblage developpee par Diamond (1975) met en avant le role 
important des interactions biotiques et en particuliers de la competition, pour expliquer les 
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patrons d'association des especes (Diamond, 1978 ; Wilson, 1999 ). En ce sens, la theorie des 
regies d'assemblage decoule directement de la theorie des niches. Historiquement, c'est a 
partir de Pobservation des patrons de richesse et d'association d'especes d'oiseaux observes 
sur des lies de tailles differentes que Diamond a developpd ces idees, et propose un ensemble 
de regies expliquant ces patrons. Dans leur forme la plus stricte, les regies d'assemblages ont 
ete definies par Wilson et Gitay (1995) comme etant: 
"Restrictions on the observed patterns of species presence or abundance that are 
based on the presence or abundance of one or other species, or group of species " 
Par consequent une formulation simple d'une regie d'assemblage serait, par exemple, les 
especes X et Y ne cohabitent jamais sur le meme site ou, lorsque Pespece Z est presente alors 
l'espece X est absente. 
b - L 'approche de Keddy (1992b; 1992b) 
L'approche fonctionnelle des regies d'assemblage derivee de l'approche originelle de 
Diamond a ete propose par Keddy (1992b ; 1992a) mais etait implicite dans les travaux 
anterieurs (i) de Grime (1974 ; 1977 ; 1979) sur les strategic des plantes, (ii) de Noble et 
Slatyer (1980) sur les attributs vitaux en reponse aux feux, et (ii) de van der Valk (1981). Ce 
dernier tentait d'expliquer les patrons d'abondance des plantes de zones humides sur la base 
de la capacite de leurs graines a germer sous differents niveaux d'inondation. Selon Keddy, 
l'ensemble de ces travaux peut etre resume en consid^rant l'assemblage des communautes 
simplement comme un processus de selection differentielle d'especes, dans lequel 
environnements abiotiques et biotiques imposent des restrictions sur le pool local d'especes 
sur la base de leurs traits (Keddy, 1992b ; Diaz et al, 1998). Plus schematiquement 
l'environnement selectionne parmi un pool d'especes plus larges celles presentant les bonnes 
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vafeurs et combinaisons de traits (Figure 7). La probabilite d'une espece a passer au travers 
l'ensemble de ces filtres determinent done son abondance dans la communaute et il devient 
done possible de predire la structure des communautes a partir de la connaissance de certains 
traits chez ces especes. C'est cette approche que nous avons suivi au cours de ce doctorat. 
Pool d'especes ( 
Filtres de dispersion 
Filtres environnementaux 
Filtres biotiques 
competition 
Frequence 
Communaute locale 
• k i ^ t A mm «# # * • # ' 
^ ~ - ^ _ _ Valeurs du trait ____-—-""'^  
*: • A * 
Valeurs du trait 
Figure 7: Representation schematique des processus d'assemblage vue sous une approche 
fonctionnelle. 
Parmi les n especes du pool seulement les especes disposant des valeurs de traits leur permettant de 
passer les differents filtres seront selectionnees et formeront la communaute locale. Selon cette 
approche les filtres environnementaux tendent a selectionner les especes disposant de valeurs de traits 
similaires alors que la competition tend a reduire la similarity entre les especes de la communaute. 
c - Les filtres environnementaux, quels sont-ils ? 
Sous-jacent a l'approche fonctionnelle des regies d'assemblage, on retrouve le concept de 
filtres qui agissent de facon successive lors de la formation de la communaute. II s'agit des 
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filtres de (i) dispersion, (ii) environnementaux et (iii) biotiques (competition, facilitation). 
Dans la premiere partie de 1'introduction, nous avons pointe 1'importance du stress et des 
perturbations sur la richesse specifique d'un site. Cependant, ces facteurs environnementaux 
ont egalement un impact fort sur la structure fonctionnelle des communautes, c'est-a-dire leur 
composition en trait. 
/ - Le stress et les perturbations, des variables complexes 
Grime (1979) defini le stress comme etant les contraintes externes qui limitent le taux de 
production de biomasse des plantes. Dans ce sens, les contraintes environnementales 
correspondent aux caracteristiques physico chimiques du milieu tel le pH, mais surtout aux 
ressources disponibles pour les plantes telles que l'eau, les mineraux, l'espace et la lumiere. 
La disponibilite de chacune de ces ressources caracterise le niveau de stress d'un habitat ou 
inversement sa productivity, et doivent etre pris en compte pour quantifier avec precision le 
niveau de stress dans une communaute donnee. 
Les perturbations sont 1'ensemble des ph^nomenes a 1'origine de la destruction de tout ou 
partie d'une plante (Grime, 1979). D'apres cette definition, une perturbation peut etre causee 
par des facteurs abiotiques tels que le vent et les vagues, ou a 1'inverse due a des facteurs 
biotiques comme l'herbivorie ou le labourage. L'intensite et la frequence des perturbations 
varient d'un milieu a l'autre et tout comme le stress, doivent etre quantifiees pour estimer 
avec precision le niveau de perturbation d'un habitat. 
ii - Estimer stress et perturbation sur le terrain unprobleme difficile 
De part ces definitions, il decoule que stress et perturbation sont des variables complexes et 
difficiles a estimer sur le terrain. L'approche la plus commune pour les estimer consiste a 
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mesurer un grand nombre de variables environnementales et de reduire, a l'aide de technique 
d'ordination, 1'information contenue dans ces variables a un ou deux axes majeurs de 
variations (ter Braak, 1987 ; Mclntyre et Lavorel, 1994 ; Cingolani et al, 2003 ; Rusch et al, 
2009), lesquels sont associes ensuite aux niveaux de stress et de perturbation (Figure 8a). 
Cependant, cette approche devient discutable lorsque certaines variables environnementales 
implicitement reliees a un gradient particulier (par exemple les perturbations) se retrouvent 
associees de facon significative aux deux axes majeurs d'ordination. Dans ce contexte, 
l'attribution d'un gradient particulier a chacun des axes est plus floue (Cingolani et al, 2003) 
voire impossible (Rusch et al., 2009). Dans le premier chapitre de cette these, nous utilisons 
une methode alternative. Nous avons considfre stress et perturbation comme des variables 
latentes, non mesurables directement, mais que Ton peut inferer a partir de la mesure de 
multiples variables environnementales (Figure 8b). Pour ce faire nous avons utilise la 
modelisation par equations structurales (Shipley, 2000 ; Grace, 2006), une approche 
egalement suivie dans d'autres Etudes (Weiher, 2003 ; Weiher et al., 2004 ; Grace et Kelley, 
2006) et qui permet, meme dans des contextes ou les gradients de stress et de perturbation 
sont correles, de pouvoir estimer separement stress et perturbation. 
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Figure 8 : Comment mesurer stress et perturbation? 
a) Diagramme d'ordination de variables environnementales mesurees par Cingolani etal. (2003) pour 
estimer le niveau de stress et de perturbation dans les steppes argentines. L'axe 1 est associe a un 
gradient edaphique de disponibilite en eau et nutriments. L'axe 2 est associd au paturage, cependant 
trois variables implicitement reliees au paturage sont associees ici aux deux axes (surface nue, perte 
de sol et impedance).' b) Modele de mesure obtenu par Weiher (2003) pour estimer le niveau de stress 
(ici « soil » dans la mesure ou elle et est done interpreter comme notre variable latente stress ) et de 
perturbation (ici le feu). 
3 - Effets des filtres sur la dispersion des traits 
Les observations les plus courantes montrent que stress et perturbation tendent a selectionner 
des traits similaires chez les especes. Par consequent, les forces de selection associees a ces 
filtres conduisent a une sous-dispersion des traits (Figure 9), e'est-a-dire que la variation (ou 
la dispersion) des traits observee a l'interieur de la comniunaute est plus faible que celle 
attendue par le hasard (Weiher et Keddy, 1995 ; Weiher et al, 1998). Par opposition, les 
relations interspecifiques, et en particulier la competition empeche l'agregation d'un trop 
grand nombre d'especes ecologiquement similaires. La resultante est une sur-dispersion de 
certains traits dans la communaute (Figure 9), e'est-a-dire que la dispersion des traits a 
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1'interieur de la communaute" est plus forte que celle predite par un modele nul (Weiher et 
Keddy, 1995 ; Weiher et ah, 1998). Cependant, les patrons que nous observons resultent de 
Taction conjuguee des filtres environnementaux et de competition qui agissent 
successivement durant l'assemblage des communautes. II devient done difficile de separer les 
effets des filtres environnementaux et de la competition sur la dispersion des traits (voir 
cependant, Pillar et ah, 2009). De plus, selon Grime (2006), ce schema general serait en 
partie faux. En effet, ce dernier confirme l'hypothese de convergence de traits lie au stress 
mais suggere que les perturbations concourent a l'expression de diffcrentes strategies de 
regeneration dans les communautes et done a une divergence dans les traits de regeneration. 
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Figure 9: Consequences des filtres environnementaux successifs sur la dispersion des traits au 
sein des communautes vegetales. 
L'axe des abscisses represente d'une part l'adversite environnementaie, qui englobe les stress 
abiotiques (pH, salinite, secheresse,...), et les perturbations, et d'autre part l'adversite competitive 
induite par les interactions entre les especes. Pour des raisons de simplicity le modele postule que ces 
deux gradients sont n^gativement relies. L'ordonnee correspond a l'echelle spatiale consideree, qui 
influence la taille du pool d'especes. Le modele assume l'existence d'une zone intermediaire, ou les 
traits ne presentent pas d'organisatioh particuliere due a des facteurs historiques. 
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4 - Effets du stress, des perturbations et de la competition sur la structure 
fonctionnelle des communautSs vegetales. 
a - Reponse fonctionnelle des communautes au stress 
Des deux gradients majeurs etudies au cours de ce doctorat, le gradient de stress est celui 
pour lequel les rdsultats semblent les plus concordants entre les differentes etudes. 
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Figure 10: Resultats d'ordination de 64 sites (DCA) bases sur les valeurs moyennes de 24 traits 
Les 64 sites correspondent a des prairies alpines (•), forets alpines (*), maquis xerophytes (A), 
vegetations halophiles sur sols pauvres (•), forets xerophytes (•). Le premier axe d'ordination est 
associe a Paltitude et au stress hydrique caracterisant chaque site. Modifie de Diaz et Cabido, 1997. 
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Le spectre economique des feuilles, propose par Wright (2004), et separant d'un cote les 
especes capables d'acquerir rapidement les ressources du milieu mais avec un turnover 
rapide, et de 1'autre les especes moins competitives mais conservant efficacement leur 
ressource, se verifie ici au niveau de la communaute' (Grime et Hunt, 1975 ; Diaz et Cabido, 
1997 ; Wright et al, 2001 Poorter, 1999 #45 ; Gaucherand et Lavorel, 2007). II est 
reconnu, en effet, que plus les environnements sont stresses (fort stress hydrique ou faible 
fertilite) plus les especes presentes sont de petites tailles et disposent en moyenne (i) de plus 
faibles concentrations d'azote foliaire (LNC), et surface specifique foliaire (SLA), et par 
opposition (ii) de plus fortes teneurs en matiere seche dans les feuilles (LDMC) et en 
composes secondaires (Figure 10). 
b - Reponse fonctionnelle des communautds aux perturbations 
Les traits selectionnes durant 1'assemblage des communautes soumises a des perturbations 
recurrentes dependent fortement du type de perturbation implique. En effet, des 
communautes vegetales soumises a des feux repondront differemment des communautes, ou 
le paturage est la cause principale de la destruction de la biomasse. Ces patrons de selection 
de traits sont d'autant plus difficiles a degager qu'il est possible d'avoir des communautes 
soumises a ses deux types de perturbation (Belsky, 1992). MSme dans le cas particulier de la 
reponse aux paturage qui sera l'objet du troisieme chapitre de cette these, les patrons restent 
flous, et les traits mis en avant pour expliquer la resistance ou la tolerance des especes, tres 
elusifs (Briske, 1999 ; Vesk et al., 2004). Cependant une recente meta-analyse (regroupant 
les resultats obtenus sur 197 etudes) effectuee par Diaz et al. (2007b) a permis de mettre en 
evidence le role important de la longevite, de la taille et du port architectural des plantes sur 
la reponse des especes au paturage. Le paturage selectionnerait (i) les especes annuelles au 
depend des especes perennes, (ii) les petites especes au depend des grandes, et/ou (iii) les 
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especes au port prostre avec des feuilles basales (rosette) au depend des especes erigees. 
Cette merae etude a egalement pointe l'importance du niveau de stress et de l'historique de 
perturbation sur les sites, lesquelles peuvent modifier les patrons de reponse observes. Deux 
strategies de reponse sont generalement proposees pour expliquer la survie des especes en 
milieu pature. La premiere consiste pour les especes a eviter les herbivores en adoptant une 
structure en rosette (spatiale), ou bien en fleurissant et en fructifiant plus tot (temporelle), ou 
encore en disposant de traits foliaires les rendant mois appetantes (Grime et al, 1996 ; 
Rodriguez et al, 2003 ; Cingolani et al, 2005 ; Diaz et al., 2007b). La seconde strategic 
consiste en une repousse rapide des individus se traduisant par des traits favorisant un taux de 
croissance relatif rapide, et permise seulement dans les milieux peu stresses. 
c - Comment suivre les variations dans la composition en traits le long des 
gradients environnementaux. 
Beaucoup d'etudes se sont penchees sur les variations de la composition en traits des 
communautes le long des gradients de stress et/ou de perturbation (Chapin et al, 1993 ; 
Mclntyre et al, 1995 ; Briske, 1996 ; Mclntyre et al, 1999 ; Adler et al, 2004). Pour 
beaucoup, ces etudes reposent sur une classification des especes en differents groupes 
fonctionnels (Lavorel et al, 1999a ; Lavorel et al, 1999b ; Mclntyre et Lavorel, 2001 ; 
Louault et al, 2005 ). D'autres etudes se concentrent encore, sur l'utilisation d'une moyenne 
arithmetique ne tenant en compte que de la presence des especes dans la communaute etudiee 
(Poorter et de Jong, 1999 ; Fonseca et al, 2000 ; Ackerly et al, 2002 ; Cornwell et 
Ackerly, 2009). Cependant, puisque les traits des especes ne determinent pas seulement leur 
presence mais egalement leur abondance dans une communaute donnee, il devient important 
de prendre en compte Pabondance des especes dans le calcul de la moyenne d'un trait (Diaz 
et al, 1998 ; Ansquer et al, 2004 ; Shipley et al, 2006 ; Ackerly et Cornwell, 2007 ; 
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Cingolani et ai, 2007 ; De Bello et ai, 2007 ; Gamier et ai, 2007 ; Gaucherand et Lavorel, 
2007). Dans notre etude nous avons etudie les variations de la moyenne des traits en tenant 
compte de l'abondance relative de chaque espece dans la communaute" (Equation 1). Connus 
sous le terme de traits agrees (Gamier et ai, 2004) puis de parametres fonctionnels de 
communaute (Violle et ai, 2007), nous avons preTere utiliser la nomenclature plus explicite 
de moyenne ponderee au niveau de la communaute, ("commuity weighed mean", CWM, 
Diaz etai, 2007a). 
s 
CWMjk = tjk = Z piktij Equation 1 
i - i 
lcipik est l'abondance relative de l'espece / sur le site k, et ty la valeur du traity pour l'espece 
/. Parallelement, nous nous sommes egalement intdresses a la dispersion des traits dans les 
communautes (chapitre 1) et avons calcule pour chaque communaute la variance ponderee de 
chacun des traits etudies ("commuity weighed variance", CWV, Equation 2). 
CWVjirtplk{trtjkf=tpik (r,)2-(CWMjk)2 Equation2 
i-l i-1 
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E - Predire 1'abondance relative des especes a partir de leurs 
traits, le modele Maxent 
1 - Le modele biologique 
Dans le cadre de ce doctorat, nous utilisons le modele « Maxent » recemment developpe par 
Shipley et al. (2006) pour obtenir des predictions quantitatives de 1'abondance relative des 
especes d'un pool dans une communaute donnee. Ce modele propose de predire les 
abondances des especes via leurs traits et decoule de l'application de l'approche fonctionnelle 
des regies d'assemblage (Keddy, 1992b ; Keddy, 1992a) presentee plus tot. En depit d'une 
formulation mathematique complexe, le principe du modele maxent reste assez simple. 
L'environnement selectionnant pour des traits particuliers chez les especes, les traits d'une 
espece vont done determiner sa probabilite a passer au travers les differents filtres 
environnementaux et done determiner son abondance dans la communaute. Dans ce contexte, 
un changement dans l'environnement sera associe" non seulement a un changement dans la 
composition floristique mais aussi a un changement dans la structure fonctionnelle de la 
communaute et se traduira par une modification des valeurs moyennes des differents traits au 
niveau de la communaute (CWM). Le principe du modele est de trouver la distribution 
d'abondances relatives la moins biaisee en accord avec ces valeurs moyennes de traits 
(CWM) ou contraintes. 
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2 - Le fonctionnenent du modele 
a - Les composantes d'un module maxent 
Un modele maxent (Shipley et al, 2006) s'organise autour de trois parties : 
• les S especes du pool initial. Pour permettre un test plus rigoureux des capacit6s de 
prediction du modele, les S especes du pool ne doivent pas correspondre uniquement 
aux especes pr^sentes sur le site mais doivent inclure egalement d'autres especes 
presentes a proximite. < 
• la distribution a priori4 (qi) de ces 5 especes. Cette distribution (qi) correspondant aux 
probabilites theoriques des especes dans le pool initial doit etre la moins informative 
possible (Jaynes, 2003). II s'agit, la plupart du temps, d'une distribution uniforme ou 
chaque espece / a une probabilite qt = l/S (Jaynes, 2003). 
• les j contraintes empiriques qui correspondent aux j valeurs moyennes des differents 
traits etudies (CWM, Equation 1) a laquelle vient s'ajouter obligatoirement une 
contrainte de normalisation (Equation 3). 
Equation 1 
Equation 3 
4
 Le terme anglais correspondant est "prior distribution" 
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i-l 
b - Un processus en deux etapes 
Figure 11: Le modele maxent un fonctionnement en deux etapes. 
Schema simplifie du processus generant ia distribution d'abondances relatives via la maximisation de 
l'entropie et apres avoir tenu compte de contraintes sur les valeurs moyennes de la surface specifique 
foliaire (SLA) et de la hauteur reproductrice des plantes (Hrep). 
Pour obtenir les distributions de probabilites des especes le modele maxent propose de 
determiner, en premier lieu, les distributions s'accordant avec les differentes contraintes 
empiriques, c'est-a-dire les valeurs de CWM obtenues pour chacun des traits etudies (Figure 
11). Plusieurs distributions5 peuvent s'accorder avec ces contraintes et le modele propose de 
choisir la distribution dont l'entropie est maximale 
5
 Haegeman et Loreau (Haegeman et Loreau, 2008) ont propose d'appeler ce jeu de distributions le 
« feasible set». 
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c - Et pourquoipas la distribution qui minimise d'entropie? 
i- L'entropie de Shannon et la notion d 'information 
L'entropie de Shannon est une fonction mathematique (equation 1) qui correspond a la 
quantite d'information contenue ou delivree par une source ou inversement la quantite 
d'incertitude associe a un evenement (Shannon, 1948 ; Shannon et Weaver, 1949). Plus 
1'information fournie par une distribution est grande, moins 1'incertitude sera elevee et plus 
l'entropie de la distribution sera faible. En l'absence de contraintes particulieres ou de 
connaissances a priori sur le systeme, l'entropie est maximale pour une distribution uniforme. 
Un exemple simple consiste a r^peter le lance d'un de un grand nombre de fois et de regarder 
la distribution {ppp2,p3,p4,p5,p6} des resultats obtenus (pt probability associee a chaque face 
du de). Si la distribution est une distribution uniforme{—,—,—,—,—,—}, nous ne disposons 
6 6 6 6 6 6 
d'aucune information sur le systeme et l'entropie est maximal (H(p) = 1.79). Par contre si le 
resultat obtenu correspond a la distribution suivante {—,— —,—,—,—} alors nous 
^ 12 12 3 6 12 12' 
pouvons dire que le de semble pipe en faveur du chiffre 3. Nous gagnons done une 
information supplemental sur le systeme et l'entropie associee a cette distribution sera plus 
faible (H(p) = 1.10). 
ii - Le formalisme du maximum d'entropie une unification de la mecanique 
statistique et de la theorie de I 'information. 
Le fait que deux champs d'etudes au demeurant differents, la mecanique statistique et la 
theorie de 1'information, fassent appel au meme concept, l'entropie, a suscite des reflexions 
de la part des scientifiques. Jaynes (1957a ; 1957b) est le premier a avoir propose une 
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application des principes de la theorie de l'information aux problemes d'inferences 
statistiques. Lors du processus d'inference, Jaynes propose de choisir parmi les distributions 
s'accordant aux contraintes specifiers celle qui est la moins informative, done celle qui 
maximise l'entropie. En choisissant la distribution qui maximise Pentropie, nous choisissons 
la distribution qui verifie chacune des contraintes ajoutees dans le modele, mais qui n'inclue 
aucune autre contrainte implicite (Jaynes, 1957a ; Jaynes, 1957b ; Jaynes, 2003). Les autres 
distributions s'accordant aux contraintes, mais ayant une entropie plus faible, impliquent des 
contraintes supplementaires non specifiers et pour lesquelles aucune justification empirique 
n'existe. 
3 - Maxent, un modele a tester 
a - Les critiques du modele 
Un certain nombre de scientifiques se sont pench^s sur le modele maxent depuis sa parution. 
Certains suggerent que le modele propose par Shipley et al. (2006) presente des limites 
fondamentales (Marks et Muller-Landau, 2007 ; Roxburgh et Mokany, 2007 ; Haegeman et 
Loreau, 2008 ; Haegeman et Loreau, 2009). La critique majeure concerne l'utilisation meme 
du principe du maximum d'entropie pour choisir parmi les distributions d'abondances 
potentielles (Marks et Muller-Landau, 2007 ; Haegeman et Loreau, 2008). Cette critique 
repose sur une incomprehension de ce principe. Pour citer Jaynes (1957), la distribution dont 
l'entropie est maximale est l'estimation la moins biaisee possible etant donnee les 
informations disponibles car elle n'inclue aucune autre information. Par consequent en 
choisissant la distribution maximisant l'entropie, nous ne supposons pas que l'assemblage 
des communautes vegetales tend a maximiser l'entropie, mais simplement choisissons la 
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distribution la moins biaisee possible. Ce dernier point invalide egalement l'approche critique 
de Marks et Muller Landau (2007) qui en prenant la distribution minimisant l'entropie ont 
obtenu des resultats relativement similaires. 
La deuxieme critique attrait a la circularite dans le processus de prediction. Les valeurs 
d'abondances sont predites a partir des valeurs moyennes de traits (CWM), qui elles sont 
obtenues a partir des abondances observers (Marks et Muller-Landau, 2007 ; Roxburgh et 
Mokany, 2007). Cet argument est en effet valable. Une alternative consiste a obtenir les 
CWM de facon independante (Shipley et al, 2006 ; Shipley et al, 2007) soit par des 
mesures in situ suivant des protocoles specifiques (Gaucherand et Lavorel, 2007), soit en 
predisant ces traits moyens a partir de l'environnenient ce qui impose de modeliser et 
quantifier les relations entre CWM et environnement. 
Malgre ces critiques, d'autres auteurs ont mis en avant l'utilite du formalisme du maximum 
d'entropie et ont tente de l'appliquer a d'autres problematiques en ecologie des communautes 
(Phillips et al, 2006 ; Pueyo et al, 2007 ; Dewar et Porte, 2008 ; Harte et al, 2008 ). Par 
exemple Pueyo et al. (2007) a developpe un modele utilisant le formalisme du maximum 
d'entropie different du modele de Shipley et al (2006) pour predire les courbes de 
dominance-diversite presentee plus tot dans cette introduction. 
b -Un modele recent encore peu teste" 
Depuis sa parution en 2006, le modele n'a ete teste empiriquement qu'une seule fois a l'aide 
de donnees provenant de communautes vegetales a differents stades d'une succession 
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secondaire, suite a l'abandon de la culture de la vigne (Shipley et ah, 2006). Les resultats 
obtenus ont confirme le fort potentiel predictif du modele (Figure 12). Cependant etant donne 
la faible echelle spatiale considered (les sites etant tous localises sur une superficie de 12km2) 
et le faible pool d'especes etudie" (n=30), les capacity predictives du modele sont encore a 
evaluer plus generalement. 
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Figure 12: Le premier test empirique du modele maxent. 
Abondances relatives observees et predites de 30 especes rencontrees dans 12 sites le long d'mne 
chrono sequence de succession secondaire de 42 ans. Les predictions sont obtenues par le biais du 
modele maxent. Rrepris de Shipley et al. (2006). 
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F - Les objectifs du projet et organisation du manuscrit 
Dans cette these, j'adresse trois objectifs distincts, lesquels reposent sur une approche 
fonctionnelle de l'ecologie des communautes. 
1 - Une exploration qualitative et quantitative des relations entre traits et 
environnement. 
Bien qu'un grand nombre d'etudes se soient penchees sur les relations entre d'une part les 
traits et d'autre part le stress et/oules perturbations, la plupart de ces etudes ne donnent que 
des patrons qualitatifs de variations de traits. Une affirmation telle que « la hauteur des 
plantes diminue Iorsque le paturage augmente » bien que claire reste cependant peu precise et 
assez subjective. II devient done important d'adjoindre aux patrons qualitatifs, une 
quantification precise des relations entre traits et environnements. Ceci ne peut etre realise 
que via une mesure precise des gradients de stress et de perturbation qui de part leurs 
multiples causes s'averent difficiles a estimer. Dans le premier chapitre de cette these, je 
propose d'effectuer cette demarche dans des communautes vegetales herbacees de debut de 
succession. J'ai tout d'abord utilise la modelisation par equations structurales pour obtenir 
une mesure des niveaux de stress et de perturbation sur differentes communautes. J'ai ensuite 
relie ces mesures aux valeurs mo vermes de 10 traits observees sur ces communautes et 
quantifie la force de ces relations. Pour effectuer cette demarche, j 'ai necessite d'une base de 
donnees contenant a la fois (i) des donnees d'inventaires floristiques, (ii) des donnees 
environnementales en relation avec les niveaux de stress et de perturbation et (iii) des 
donnees de traits mesures sur les especes presentes sur chacun des sites. 
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2 - D'une Icologie descriptive a une Icologie predictive, sur le test d'un 
modele de prediction d'abondances 
Recemment, Shipley et al. (2006) ont propose un modele de prediction d'abondances base 
sur Putilisation des traits des especes et 1'application du formalisme du maximum d'entropie. 
Le deuxieme objectif de cette these (chapitre 2) consiste a tester plus g^neralement les 
capacites de prediction de ce modele ainsi qu'a en determiner ses limites d'utilisation. Pour 
effectuer ce test, j'ai utilise une base de donnees incluant a la fois (i) des resultats 
d'inventaires floristiques mais aussi (ii) des valeurs de differents traits mesures sur les 
especes presentes dans ces communautes. L'interSt ici etait d'obtenir ces informations pour 
differents types de communautes vegetales, allant de communautes herbacees de sous-bois, 
aux communautes des milieux humides et en passant par les steppes et les prairies. 
3 - Quantifier 1'importance relative des traits dans la determination de la 
structure des communautes, vers une liste optimale de traits. 
Afin d'ameiiorer notre comprehension generale des regies lors de 1'assemblage des 
communautes, il devient crucial de pouvoir quantifier l'importance relative de differents 
traits dans la determination de la structure des communautes. Dans un troisieme chapitre, je 
propose done une methode permettant de quantifier pour differents traits et dans differentes 
communautes, la direction et la force de selection due au filtrage environnementale, afin de 
determiner l'importance relative de chacun de ces traits dans la determination de la structure 
(d'abondance) de chacune de ces communautes. J'ai ensuite utilise ces informations pour 
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determiner parmi les traits les plus importants, combien etaient n^cessaires pour predire avec 
precision l'abondance relative des especes dans ces differentes communautes? J'ai appliqu^ 
cette methode dans le contexte des changements de compositions floristiques resultant de 
modifications dans l'utilisation des terres (fertilisation et paturage) dans le sud de la France 
(Montpellier). 
4 - Trois objectifs, trois bases de donnles : 
Durant cette these, j'ai utilise' trois bases de donnees se concentrant sur des communautes 
v£g&ales herbacees localises dans trois regions differentes du globe (i) le sud de la France, 
(ii) le sud-est du Quebec, et (iii) le nord de l'Angleterre (Figure 13). Je n'ai done pas 
considers les arbres (adultes ou plantules), les bryophytes, et les lichens pouvant etre 
presents dans ces communautes. Chacune de ces bases de donnees pr^sente des avantages 
propres permettant d'adresser successivement nos differents objectifs. La premiere, la base 
de donnees de Sherbrooke, a 6t6 etablie sur des communautes veg&ales herbacdes de debut 
de succession localises dans la region sud-est du Quebec (Canada). Elle contient trois types 
d'informations (i) resultats d'inventaires floristiques, (ii) traits des especes et (iii) variables 
environnementales. Dans ce contexte, il a etd possible d'adresser le premier de nos objectifs, 
e'est a dire, mesurer les niyeaux de stress et de perturbation, et decrire et quantifier les 
relations entre ces gradients et difterents traits fonctionnels. Pour repondre au deuxieme 
objectif, le test empirique du modele de Shipley et al. (2006), il etait important de disposer 
d'une base de donnees consequente qu'il etait impossible d'obtenir durant la duree de cette 
these. Cependant, les scientifiques de 1'unite d'ecologie comparative de l'universite de 
Sheffield (Royaume-Uni) travaillent depuis plusieurs dizaines d'annees a l'elaboration d'une 
large base de donnees contenant a la fois des relev^s de vegetation sur grand nombre de 
communautes et dans differents types d'habitats, ainsi que des donnees de traits sur un grand 
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nombre d'especes (Grime et ai, 1988). J'ai, par consequent, utilise cette base de donnees afin 
de tester le modele de Shipley et al. (2006). Finalement, la troisieme base de donnees utilisee 
au cours de ce doctorat regroupe les releves d'inventaires floristiques et mesures de traits 
realises sur un dispositif experimental localise dans le sud de la France et pour lequel les 
pressions de selection ou filtres environnementaux sont plus explicites. En effet, les deux 
gradients etudies, l'intensite de paturage et le niveau de fertilite, y sont controles depuis 
plusieurs annees et constituent differents traitements nous permettant, de (i) separer les forces 
de selection due a la fertilisation et au paturage sur differents traits, et (ii) determiner 
I'importance relative de ces differents traits dans la determination de la structure d'abondance 
de la communaute sur chacun de ces traitements. 
Figure 13 : Exemples de communautes vegetales etudiees au cours de ce doctorat. 
Les photos ont ete prises dans le sud-est du Quebec (a, b) et dans la region des Grandes Causses au 
sud de le France (c, d). 
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CHAPITRE I 
UNE EXPLORATION QUALITATIVE ET 
QUANTITATIVE DES PATRONS DE 
RELATIONS ENTRE TRAITS DES PLANTES ET 
GRADIENTS DE STRESS ET DE 
PERTURBATION. 
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Avant propos 
Dans ce premier chapitre, je me suis intSresse" a quantifier les relations entre 10 traits 
fonctionnels et deux facteurs environnementaux majeurs, le stress et les perturbations. Ceci a 
etc" effectue dans le cas particulier de communautes vdgetales herbacees de debut de 
succession localisees dans le sud du Quebec (region de Sherbrooke). Bien que plusieurs 
etudes visanta etudier la reponse des communautes vegetales a l'un de ces deux gradients 
(voire au deux) soient nombreuses, relativement peu proposent une quantification precise de 
la force de ces relations (Cingolani et al, 2007). J'ai effectue ici cette quantification en 
estimant tout d'abord, les niveaux de stress et de perturbation via la modelisation par 
equations structurales, et en les reliant ensuite aux moyennes (CWM) et aux variances' 
(CWV) ponderees des differents traits observers sur chaque communaute 6tudiee. 
Les resultats de ces analyses sont regroupes et discutes dans le present article intitule 
"Quantifying relationships between traits and explicitly measured gradients of stress and 
perturbation" soumis a Journal of Vegetation Science. Les donnees utilisees pour realiser ces 
analyses proviennent de releves d'inventaires floristiques et de mesures de traits que j 'ai moi-
meme effectue a l'ete"2005 et l'ete 2006. Toutes les analyses statistiques presentees dans cet 
article sont egalement de mon fait, et je suis le premier auteur du manuscrit qui en decoule. 
En ce sens, j 'ai moi-meme ecrit 1'ensemble du manuscrit qui a ensuite ete revise par mes 
deux codirecteurs de these, le professeur Bill Shipley et le professeur Marie-Laure Navas. 
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Abstract: 
Questions: How can one explicitly quantify, and separately measure, stress and disturbance 
gradients? How do these gradients affect functional composition in early successional plant 
communities and in what extent? Can we predict accurately trait composition from 
knowledge of these gradients? 
Location: Southern Quebec, Canada 
Methods: Using 8 environmental variables measured in 48 early successional' plant 
communities, we estimated stress and disturbance gradients through structural equation 
modelling. We then measured 10 functional traits on the most abundant species of these 48 
communities and calculated their community level mean and variance weighed by the 
relative abundance of each species. Finally, we related these community weighed means and 
variances to the estimated stress and disturbance gradients using general linear models or 
generalized additive models. 
Results: We obtained a well-fitting measurement model of the stress and disturbance 
gradients existing in our sites. Of the 10 studied traits only average plant reproductive height 
was strongly correlated with the stress (r =0.464) and the disturbance (r =0.543) gradients. 
Leaf traits were not significantly related to either the stress or disturbance gradients. 
Conclusions: The generally weak trait-environment linkages in these early successional 
communities prevent us from predicting community-level trait composition from measured 
stress and disturbance gradients. This suggests that community assembly in early 
successional plant communities may be driven primarily by stochastic processes linked to the 
history of arrival of propagules and not by trait based environmental filtering. 
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Introduction 
Stress and disturbance have long been recognised as two major environmental gradients 
affecting the fitness of plants and therefore the structure of plant communities (Grime 1979; 
Huston 1979; Tilman 1988). As defined by Grime (1979), "stress" represents the degree to 
which the environmental conditions of a site limit the production of plant biomass while 
"disturbance" represents the degree to which the environmental conditions of a site remove 
or destroy pre-existing living plant biomass. According to theses definitions, stress and 
disturbance at a site are determined by many aspects of the environment and therefore 
correspond to gradients that are difficult to measure except through laborious and time-
consuming direct measurements of net primary productivity and biomass removal. Because 
of the difficulty of such direct measurements in the field, most studies attempt indirect 
measurements of stress and disturbance. One common but indirect approach is first to 
measure multiple environmental variables related to stress (nutrients and water availabilities, 
soil pH), and to disturbance (types, intensity and periodicity) and then to reduce them to one 
or two major axes of variation using ordination methods (ter Braak 1987; Day et al. 1988; 
Mclntyre & Lavorel 1994; Cingolani et al. 2003; Rusch et al. 2009). One difficulty with this 
approach is that stress and disturbance are often correlated in the field, making separate 
inferences about each one difficult. In this study, we use structural equation modelling (SEM, 
Shipley 2000; Pugesek et al. 2003; Grace 2006) to estimate these two primary underlying 
gradients. This is done by representing stress and disturbance as latent (unobserved) variables 
that are linked to observed, but indirect, measures of each, within an explicit and falsifiable 
multivariate hypothesis concerning the causal links between the indirect measures and the 
theoretical process of biomass production and loss. 
A few studies have already used such a statistical framework to quantify disturbance and/or 
stress gradients and relate them to patterns of species richness in plant communities (Grace & 
Pugesek 1997; Weiher 2003; Weiher et al. 2004). However stress and disturbance gradients 
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may also affect trait composition in plant communities (Mclntyre et al. 1995; Cingolani et al. 
2007) through trait based environmental filtering. That is to say that stress and disturbance 
differentially select species with particular combinations and values of traits and therefore 
such traits determine species' presence as well as their relative abundance in different plant 
communities. For example, it is well known that nutrient-poor sites generally select for 
species that have low specific leaf area (SLA) and leaf nitrogen content (LNC) but a high leaf 
dry matter content (LDMC) and leaf lifespan while species from nutrient rich sites show the 
opposite pattern in leaf traits (Grime 1979; Chapin et al. 1993; Poorter & de Jong 1999). 
Similarly, species experiencing high levels of disturbance are shorter, invest more in 
reproduction, produce small but numerous seeds and have an annual habit (Diaz et al. 
2007b). Most of the studies interested in trait variation across stress or disturbance gradients 
describe only qualitative patterns and do not quantify the relationships between traits and 
these two gradients. Such qualitative statements, although useful, do not allow one to predict 
trait composition from the position of the community along continuous environmental 
gradients. In this study, we quantify the relationships between the community weighed mean 
(CWM, Diaz et al. 2007a) of ten traits and stress/disturbance gradients measured in 48 early 
successional herbaceous plant communities. Previous studies suggested that stronger trait-
environment linkages are achieved when using this community-weighed metric that 
represents the expected dominant trait value in a community (Ackerly et al. 2002; Cingolani 
etal. 2005). 
Stress and disturbance may also affect patterns of trait dispersion in plant communities. 
Studies interested in trait dispersion patterns are, however, scarce and most of them do not 
relate them to explicitly measured environmental gradients (e.g. Schamp et al. 2008). Grime 
(2006) suggested that stress constrains species within a community to be similar in their 
strategies of resource acquisition and conservation leading to a convergence in traits related 
to these functions. It follows that the degree of within-community dispersion of resource-
related traits should decrease with increasing levels of stress. On the other hand, Grime 
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(2006) suggested that disturbance should allow the coexistence of species with different 
regeneration strategies. It follows that the degree of within-community dispersion of 
regeneration traits should increase with increasing levels of disturbance. To further explore 
these issues, we explore trait dispersion patterns within the 48 herbaceous plant communities 
and along stress and disturbance gradients using a community weighed variance (CWV). 
Our objectives are therefore twofold. First, we develop a measurement model of stress and 
disturbance (using SEM) based on commonly used environmental variables in early 
successional herbaceous plant communities. To do this we extracted the scores of each stress 
and disturbance latent variable from the validated structural equation model and related them 
to the functional composition of each studied community. Such scores are the numerical 
values of the particular latent variable (either "stress" or "disturbance") that are predicted 
from the model after controlling for the effects of all other variables, including latent ones. 
Second, we quantified the relationships between the estimated stress/disturbance values and 
CWM/ CWV of 10 functional traits that are commonly associated to stress and/or disturbance 
gradients. We hypothesise that dispersion of traits associated to leaf structure (SLA, LDMC) 
and leaf composition (LNC, Leaf Carbon Content) will decrease as stress increases while 
within-community variability in traits related to regenerative strategies (seed mass, 
reproductive allocation) will increase as disturbance increases. 
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Materials and methods 
Vegetation releves 
The floristic composition of 48 sites located within a 50 km radius in southern Quebec, 
Canada (45° 26' 53" N, 71° 52' 55" W) was determined during the summer of 2005 and 
2006. Climate of the region is characterised by cold winters (mean daily minimum in January 
is -18C) and relatively warm summers (mean daily maximum is 25C in July). Mean yearly 
precipitation is 1144mm (874mm rain and 249 cm snow). Sites consisted almost entirely of 
early successional herbaceous plant communities from roadsides (31 sites), abandoned 
quarries (7 sites), wetlands (6 sites) and abandoned agricultural fields (4 sites). Vegetation of 
each site was harvested at the period corresponding to peak biomass which was the same for 
all sites using two randomly placed 0.5 m x 0.5 m quadrats. Living aboveground biomass 
was sorted to species and oven dried to a constant mass at 60°C for 72 hours. More details on 
the sites are given in Appendix 1. 
Trait matrix 
At each site, we ranked the relative abundance of each species from most abundant to least 
abundant and selected those comprising the top 85% of the biomass. Every species that was 
within this top 85% in any one site was included in our list of species for which trait data was 
sought (Pakeman et al. 2008). This resulted in a total of 80 species on which we measured 10 
traits (Table 1) following standardized protocols (Cornelissen et al. 2003). 
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Table 1: Studied traits and environmental variables. 
List of the studied traits and measured environmental variables with their corresponding 
abbreviations, and range values reported in this study. Discrete variables are indicated with an asterisk 
Traits 
Plant lifespan (annual, biannual, perennial) * 
Specific Leaf Area (m2.kg"') 
Leaf Dry Matter Content (mg.g'1) 
Plant height (cm) 
Allocation to reproduction (%) 
Allocation to photosynthesis (%) 
Allocation to structure (%) 
Leaf Nitrogen Content (mg.g'1) 
Leaf Carbon Content (mg.g"1) 
Seed mass (mg) 
Environmental variables 
Living Above Ground Biomass (g.m" ) 
Litter (g.m'2) 
Bare soil (%) 
Water Holding Capacity (cm"3.cm"3) 
Mineralisable nitrogen (fig.g"1.jour"1) 
Human disturbance index * 
Humidity (%) 
pH 
Abbreviations 
LSPAN 
SLA 
LDMC 
HRep 
RA 
PA 
SA 
LNC 
LCC 
^m 
Abbreviations 
LAGB 
Litter 
Bare soil 
WHC 
Nitrogen 
Dist 
Humidity 
pH 
Species range 
1-3 
5.49-52.87 
100-900 
10.8-181.1 
0.5-48.2 
6.5-82.1 
12.0-86.1 
10,6-50.7 
353.0-492.9 
0.01-15.3 
Range 
30.8-975.2 
0-529.3 
0-95 
4.6-24.6 
0.1-2.1 
1-3 
2.1-34.8 
4.8-8 
Using the observed biomass proportions (p\k) of each species / of the pool (S=80 species) in a 
site k, we then calculated the community-weighted mean, CWM (Diaz et al. 2007a), and 
variance, CWV, for each trait/ as follows: 
CWMjk=t]k=Y,P,k<,j 
S s 
CWV^p, (ttJ-tjk f=1plk (/„ f -{CWMjk f 
Eqn 1 
Eqn2 
/-/ 
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Where tt] is the value of traity for species /, and tlk is the community-weighted mean value of 
trait y in community k. CWM therefore quantifies the average trait value expressed by the 
vegetation while CWV quantifies the variability of this trait value within the vegetation. 
Environmental variables 
To jointly assess stress and disturbance in all 48 sites of our study, we first determined, (i) the 
total aboveground biomass (g.m" ), (ii) the litter mass (g.m" ) and (iii) the percentage cover of 
bare soil (table 1) observed in the two quadrats. We then took three 10 cm-deep soil cores in 
each quadrat and pooled them per site. From these pooled soil samples per site, we measured 
(i) mineralisable nitrogen availability (ug-g^jour"1) using a 12-day anaerobic incubation at 
22°C (Waring & Bremner 1964); (ii) pH; (iii) soil organic matter based on loss on ignition at 
400°C during 16H; and (iv) soil texture following the hydrometer method (Day 1965). To 
estimate water availability we derived the water holding capacity of each sample from soil 
organic matter content and texture data using a modified version of the pedotransfer function 
of Saxton & Rawls (2006) implemented in SPAW software (version 6.02.74, USDA 
Agricultural Research Service). We also used a probe (ECH2O Check, Decagon Devices, 
Inc., Pullman) to obtain an estimate of the field soil humidity; this was measured in all sites 
over a two-day period and 3 to 4 days after a single rain event. 
Precise information on disturbance, such as the time since the last disturbance and the 
frequency of disturbance were not available. We therefore determined a rough index of 
human disturbance based on different field observations of human activity: presence (yes/no) 
of buildings excavation, vehicular tracks and agriculture in the immediate area surrounding 
the community. We then attributed a value of 3 to highly disturbed sites (25 sites, all 
abandoned quarries were within this group) and at the opposite a value of 1 to relatively 
undisturbed sites (10 sites). Moderately disturbed sites were attributed a value of 2 (13 sites). 
49 
We combined the entire set of environmental variables into a measurement model of stress 
and disturbance using structural equation modelling. The path diagram in Figure 1 shows the 
hypothesized model between our indicator variables and the latent gradients of stress and 
disturbance. Since water, nitrogen and pH are considered as major limiting factors impacting 
plant growth in most plant communities (Tilman 1984), we directly related these to our latent 
"stress" variable. We estimated disturbance through our disturbance index. Both the latent 
"stress" and "disturbance" variables should affect the observed amount of living above 
ground biomass and amount of bare soil at a site. To fully identify the model, we fixed the 
variance of the two latent stress and disturbance variables to one, thus fixing the scale of 
these variables as standard deviation units. 
Dist 
< ^ T ) i s Disturbance 
Bare soil 
LAGB 
-*• Litter *WHC 
J 
Figure 1: Hypothetical measurement model of stress and disturbance. 
Abbreviations follow table 1. Latent variables are symbolised by an ellipse and causal relations 
arrow, the variances of the two latent variables are fixed to 1. 
by an 
Statistical procedure 
We tested the SEM model proposed in figure 1 using the EQS software (version 6.1 for 
Windows, Multivariate software Inc.). Significance tests were based on the Satorra-Bentler 
robust correction to the maximum likelihood X2 to correct for non-normality (Satorra & 
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Bentler 1994). We obtained the estimated values of "stress" and "disturbance" for each site 
using the generalized least squares procedure of Bentler and Yuan (1997) modified from 
Bartlett (1937) and implemented in EQS. It is important to remember that such scores are not 
the exact values of stress and disturbance but their best unbiaised estimates. Finally, we 
regressed each community weighed trait mean (CWM) or variance (CWV) to the stress and 
disturbance scores estimated from our measurement model. A linear model was used to relate 
the trait values to the stress and disturbance scores except when nonlinearity was obvious. In 
this latter case, we used generalised additive models (GAM) to relate traits and environments 
using the gam function of R in mgcv package (R Foundation for Statistical computing, 
version 2.6 for Windows). 
Results: 
Environmental gradient and measurement model 
The hypothetical measurement model proposed earlier in figure 1, which assumed 
independence between stress and disturbance, was clearly rejected (x2=60.051, 17df, p 
<0.00001). We subsequently modified this original model and obtained the well-fitting model 
presented in figure 2 (x2=5.457, 1 ldf, p= 0.907). This new measurement model differed from 
the hypothetical one in three ways. First, we added a covariance between the disturbance and 
stress latent variables in order to recognize that these two processes are correlated in our 
dataset. Indeed, the most disturbed sites were also the most stressed ones in our dataset. 
Second, we introduced into the model a third latent variable "potential above ground 
biomass" estimated by two observed variables (the actual aboveground biomass and the 
amount of litter); the scale of this latent variable was determined by fixing the path 
coefficient of actual aboveground biomass to 1. We did this because the actual amount of 
biomass is the difference between production and loss. This latent "potential above ground 
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biomass" was assumed to decrease with both increasing stress and increasing disturbance. 
Third, we removed pH from the model since it was only marginally related to the latent stress 
(r2=0.09). The estimated value of "stress" therefore increased as nitrogen availability and 
water availability decreased, while percentage of bare soil increased with the latent 
disturbance. Both latent disturbance and stress caused a decrease in the amount of observed 
litter and biomass. All path coefficients were significant, and the variance of the observed 
variables explained by the model (table 2) ranged from 0.61 (bare soil) to 0.95 (soil 
nitrogen). 
0.13 ••Dist 
„0.54 _ . 
Stress ) » Nitrogen 
Litter 
Figure 2: Final and fully parameterized measurement model of stress and disturbance and 
corresponding standardized solution. 
Abbreviations follow table 1. Latent variables are symbolised by an ellipse and causal relations by an 
arrow. Measurement Errors (unexplained variance/residual variance) are given in italic while path 
coefficients relating (i) latent to observed, (ii) each latent, and (iii) each observed variables are given 
in bold. 
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Table 2: Standardised structural equations along with r values corresponding to the 
measurement model presented in figure 2. 
Abbreviations as given in table 1. 
Standardized solution r 
LAGB = 0.91 Potential Biomass + 0.42 *1.30 0.82 
Litter= 0.95 Potential Biomass + 0.32*0.20 0.90 
Bare soil= 0.78 Disturbance + 0.63*224.91 0.61 
Dist= 0.89 Disturbance + 0.45*0.13 0.79 
Nitrogen=-0.97 Stress+ 0.23*0.02 0.95 
Humidity- 0.80 WHC + 0.60*27.33 0.64 
WHC = -0.78 Stress + 0.62*8.81 0.61 
Relation between latent variables 
Potential Biomass = -0.43 Disturbance - 0.56 Stress + 0.39*0.92 0.85 
Stress =0.61 Disturbance 0.45 
Relationships with community weighed parameters 
We obtained the scores of each latent variable from the final SEM presented in figure 2 and 
related these scores to the CWM and CWV values of each trait and for the 48 sites of our 
study (see Appendix 2). We excluded plant longevity since most of our sites were exclusively 
composed of perennial species, except in the most disturbed sites. Of the nine remaining 
traits, the relation between CWM and either stress or disturbance was significant for five: 
LDMC, LCC, HRep, RA, Sm. This was reduced to three when considering the CWV of traits 
LCC, HRep, Sm. However the strength of these relationships were generally low except for the 
CWM associated to reproductive plant height (HRep). 
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Figure 3: Traits patterns along stress gradients. 
Trends of community weighted mean (CWM) traits along with community weighted variance (CWV) 
with stress gradient. Sites with less nitrogen and water are located on the right part of the gradient and 
nutrient rich sites on the left part of the gradient. Dark lines represent the predicted CWM while grey 
lines depict patterns of trait dispersion (here standard deviations) around this CWM. r2 of the . 
relationship between CWM and stress (black) or between CWV and stress (grey) are reported when 
significant. 
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Figure 4: traits patterns along disturbance gradients. 
Variation of community weighted mean (CWM) traits along with community weighted variance 
(C WV) with disturbance gradient. Highly disturbed sites are located on the right part of the gradient 
and not disturbed sites on the left part of the gradient. Dark lines represent the predicted CWM while 
grey lines depict patterns of trait dispersion (here standard deviation) around this CWM. r2 of the 
relationship between CWM and disturbance (black) or between CWV and disturbance (grey) are 
reported when significant. 
55 
The CWM and CWV of plant reproductive height were both significantly lower in highly 
stressed (figure 3) or disturbed sites (figure 4). Average reproductive allocation (RA) and 
average leaf dry matter content (LDMC) were also significantly related to each gradient. In 
our study, mean LDMC decreased while mean RA increased when disturbance or stress 
increased (figure 3 and 4). However CWV corresponding to these two traits did not vary 
along the two gradients. On the other hand, CWM of seed mass (Sm) and leaf carbon content 
(LCC) were only related to disturbance, both decreasing when disturbance increased (figure 
4). Variance in seed mass decreased with increasing disturbance. In other words, not only did 
average seed size decrease, but there was also less variation of seed mass between species in 
the most disturbed sites. The opposite pattern was found for LCC since we observed a 
tendency for greater variance in disturbed sites. Interestingly, neither leaf nitrogen content 
(LNC) nor specific leaf area (SLA) were related to either of the two gradients in terms of 
CWM. This result was also seen for traits in relation to allocation of biomass to (i) stems and 
petioles (SA) and to (ii) photosynthetic tissues (PA). 
Discussion 
The measurement model: 
Combining confirmatory and exploratory approaches of SEM, as already done in community 
ecology (Grace & Pugesek 1997; Weiher 2003; Weiher et al. 2004), we obtained a simple 
measurement model of two environmental filters: stress and disturbance that successfully 
captured the observed patterns of covariance between the measured environmental variables 
while reflecting the definitions given by Grime (1979). As hypothesized, stress increased 
when both soil nitrogen and water availability decreased, and increases in both stress and 
disturbance caused potential aboveground biomass (reflecting both measured aboveground 
biomass and litter) to decrease. Certainly other resource and non-resource factors, not 
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measured in our study, can limit plant growth in particular systems (Fonseca et al. 2000; Baer 
et al. 2003) and our latent disturbance variable lacks more precise information on the 
frequency and intensity of disturbance. Such limitations are common in community ecology 
because of the difficulty and cost of obtaining more precise information. However, when 
such additional information are available it is easy to include them in a structural equations 
model without changing the underlying hypothetical causal structure of the system (Grace & 
Bollen 2008). 
SEM approaches reveal that stress and disturbance gradients are not independent in our data 
set. It is likely that this is the case more generally. For example, Weiher et al. (2003) found 
that the latent variable associated to soil characteristics interpreted as sources of stress was 
correlated to a latent disturbance associated to fire frequency and time since last fire in oak 
savannas. In our study the highly disturbed sites were also the most stressed ones. Despite 
this correlation between stress and disturbance, SEM allows to estimate each of them 
separately since our scores of stress mirrored the variation in water and nutrient availability 
between sites while our scores of disturbance mirrored the variation in the amount of bare 
soil and our disturbance index. This is different from taking the scores of samples along 
ordination axis. In fact, a PCA ordination of our data extracted a first axis that was a 
combination of both stress and disturbance related variables, thus preventing one from 
obtaining measurements of either stress or disturbance independently of the other. It is also 
important to note that we focused on early successional plant communities and so even the 
less disturbed sites of our study are comparatively more disturbed than most of late 
successional plant communities. This could have particular consequences when looking at 
trait composition of the community. 
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CWM-environment linkages: 
After quantifying gradients of stress and disturbance, we then searched for systematic 
relationships between these underlying gradients and selected plant traits that are expected to 
covary with them. In agreement with other studies, we observed a decrease in average plant 
reproductive height with both stress and disturbance (Cingolani et al. 2007; Diaz et al. 2007b; 
Gaucherand & Lavorel 2007). This pattern, as well as the increase in reproductive allocation 
(RA) and the decrease in seed mass observed along the disturbance gradient, reflect the 
fundamental competition/colonization trade-off (Tilman 1994). Plants in highly disturbed 
sites invest more in their reproduction, thus producing smaller but more numerous seeds that 
allow them to rapidly reach open space created by disturbance. At the opposite extreme, in 
fertile (low stress) and undisturbed sites, competition for light and other nutrients increase 
and species that are able to outcompete others are generally taller (Gaudet & Keddy 1988; 
Rosch et al. 1997). By contrast, the patterns of variation in leaf traits reported in our study are 
surprising. Indeed, average SLA and LNC did not vary significantly along our stress 
gradient while average LDMC and LCC decreased with stress. These results contradict 
previous studies showing that community level values of SLA and LNC increase with 
fertility (Grime 1977; Gamier et al. 2007) and with water availability (Fonseca et al. 2000; 
Cingolani et al. 2007) while LDMC correspondingly increases. However, in a recent study 
Rusch et al. (2009) found that SLA wasn't related to a combined fertility-stress gradients and 
explained it by the dependency of SLA index to other morphological attributes such leaf 
thickness and LDMC. Considering the lack of response in all leaf traits, we rather suggest 
that this lack of response arise because in early successional plant communities stochastic 
processes are may be more important than habitat filtering during community assembly. 
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Trait dispersion along studied gradients 
Of the nine traits whose dispersion was investigated (using CWV). in our study, only SLA, 
LCC, HRCP and Sm were significantly affected by either stress or disturbance but the strength 
of these relationships were all very low. We did not observe any relationships between traits 
related to acquisition/conservation of resources and stress, except for SLA. Our results 
therefore don't support the hypothesis that stress filter results in the convergence of traits 
related to acquisition/conservation of resources traits such as SLA, LDMC, LNC and LCC 
within community. We observed, however, a decrease for reproductive plant height with 
increasing stress, which was also reported by Cornwell et al. (2009) with dispersion in 
maximum plant height increasing with soil moisture. In our study, the variance in seed mass 
values decreased with disturbance suggesting that there is more convergence of this trait in 
disturbed sites. This is again opposite to our initial hypothesis, namely that disturbance will 
result in a divergence in regenerative traits. However, Grime acknowledged that disturbance 
should led to divergence of traits only when disturbance is intermediate and diverse, while in 
highly disturbed sites only specific regeneration strategies will be selected. In this context, 
dispersion of regenerative traits such as seed mass will follow a quadratic curve in response 
to levels of disturbance with first an increase and then a decrease of the variance in seed 
mass. Since even the less disturbed sites of our study are comparatively more disturbed than 
most of late successional plant communities, we are presumably only observing the decrease 
phase of the curve. This difficulty in making quantitative comparisons of stress and 
disturbance across studies further emphasises the importance of developing quantitative 
scales for these phenomena. 
Why so many weak relationships? 
Globally, the strength of the relations between community-level properties of traits (either 
CWM or CWV values) and environmental gradients were weak. Possible explanations are 
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that we missed important aspects of the underlying environmental gradients, or that filtering 
was based on a large number of individually weak traits rather than being dominated by a 
few key traits. We have no way of objectively evaluating the first of these possibilities but we 
acknowledge that the latent disturbance gradient is missing important aspects. A more 
compelling explanation is that dispersal-related processes, rather than habitat filtering, were 
more important in the assembly of our communities. Researchers have already emphasized 
the importance of dispersal limitations (Ozinga et al. 2005) and species-level priority effects 
(Fukami et al. 2005) during community assembly. It is likely that these historical contingent 
factors were important in our study since the sites were all in the first stages of secondary 
succession. If so then community assembly in our sites is only weakly determined by species 
traits, which could also explain the lack of response of leaf traits to stress gradients. This is in 
contrast to the successional sites following agricultural abandonment that were studied in 
Vile et al. (2006) and Shipley et al. (2006) in which the community-weighted means of 8 
traits were strongly predicted by successional age. The lack of response in the community 
weighed variances may also reflect the effect of competition filters that are simultaneously 
acting during community assembly and whose effects on traits dispersion patterns are 
difficult to separate from stress and disturbance filters (but see Pillar 2009). 
Conclusions 
The results presented in this article show that even though particular attributes of plants are 
selected by stress and disturbance filters, the strength of the trait-environment linkages was 
low for any single trait and a large part of the variation in community weighed mean and trait 
variance values was unexplained. This prevented us to predict accurately the trait 
composition of a community from independent knowledge of the environment (see Appendix 
3 for examples) as recently proposed by Shipley et al. (2006). Considering this weak trait 
environment linkage we suggest that dispersal limitations and species-level priority effects 
are more important than trait based assembly rules in our systems. We however acknowledge 
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that this could also arise from focusing only on early successional plant communities where 
even the less disturbed sites are still more disturbed than an old field. Future research should 
therefore apply the SEM approach to further quantify the strength of habitat filtering in many 
different environments and many different plant communities. 
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Appendix 
Appendix 1: Additional information on the 48 studied sites. 
Sites 
si 
s2 
s3 
s4 
s5 
s6 
s7 
s8 
s9 
slO 
sll 
Species 
richness 
8 
5 
9 
11 
4 
12 
11 
15 
13 
7 
8 
Dominant species 
Solidago canadensis, 
Phleum pratense, 
Asclepias syriaca 
Phleum pratense, 
Asclepias syriaca, 
Solidago graminifolia 
Poa compressa, 
Medicago lupulina, 
Leucanthemum vulgare 
Daucus carota, 
Trifolium repens, 
Erigeron annuus 
Poa trivialis, 
Aster simplex, 
Scirpus rubrotinctus 
Eupatorium maculatum, 
Aster simplex, 
Poa trivialis 
Agrostis alba, 
Solidago canadensis, 
Vicia cracca 
Aster umbellatus, 
Poa compressa, 
Trifolium pratense 
Festuca rubra, 
Aster simplex, 
Onoclea sensibilis 
Bromus inermis, 
Solidago rugosa, 
Onoclea sensibilis 
Phalaris arundinacea, 
Festuca rubra, 
Scirpus rubrotinctus 
LAGB 
(g.m-2) 
596.80 
878.08 
159.44 
367.32 
663.28 
975.20 
322.16 
180.52 
445.04 
610.00 
739.64 
Litter 
(g.m-2) 
256.00 
317.60 
13.32 
20.48 
394.24 
529.32 
192.92 
47.72 
229.76 
210.24 
287.76 
Habitats 
Wetland 
Wetland 
Wasteland 
(mines) 
Wasteland 
(mines) 
Agricultural 
land 
Agricultural 
land 
Roadside 
Waste land 
(urban) 
Roadside 
(cut forest) 
Roadside 
(cut forest) 
Roadside 
(cut forest) 
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si2 7 Solidago canadensis, 
Festuca rubra, 
Poa compressa 
si 3 11 Tanacetum vulgare, 
Festuca rubra, 
Solidago canadensis 
si 4 8 Impatiens capensis, 
Phleum pratense, 
Polygonum hydropiper 
si 5 5 Erigeron canadensis, 
Panicum flexile, 
Plantago major 
si 6 15 Eupatorium perfoliatum, 
Festuca rubra, 
Onoclea sensibilis 
si 7 16 Hieracium pilosella, 
Agrostis alba, 
Danthonia spicata 
si 8 18 Daucus carota, 
Phleum pratense, 
Silene cucubalus 
sl9 12 Anthemis cotula, 
Panicum capillare, 
Matricaria matricarioides 
s20 12 Oenothera biennis, 
Vicia cracca, 
Cerastium arvense 
s21 12 Trifolium pratense, 
Festuca rubra, 
Poa annua 
s22 17 Centaurea nigra, 
Poa compressa, 
Trifolium pratense 
s23 16 Solidago rugosa, 
Agrostis alba, 
Festuca rubra 
s24 13 Lythrum salicaria, 
Scirpus atrocinctus, 
Agrostis alba 
s25 19 Leontodon autumnal is, 
Polygonum hydropiper, 
Chenopodium album 
819.40 249.76 Roadside 
(cut forest) 
424.88 241.56 Roadside 
576.18 103.04 Roadside 
30.92 
508.12 226.04 
96.24 
52.84 
55.96 
431.88 84.88 
0 
538.16 101.96 
111.76 66.28 
166.12 72.36 
246.84 136.00 
177.24 0 
Waste land 
(urban) 
Waste land 
(urban) 
Roadside 
(cut forest) 
Waste land 
(urban) 
Waste land 
(urban) 
Waste land 
(urban) 
Waste land 
(quarry) 
Waste land 
(urban) 
Roadside 
(cut forest) 
452.68 175.76 Wetland 
Waste land 
(urban) 
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s26 
s27 
s28 
s29 
s30 
s31 
s32 
s33 
s34 
s35 
s36 
s37 
s38 
s39 
13 
7 
7 
8 
6 
4 
13 
9 
11 
12 
8 
11 
10 
8 
Polygonum hydropiper, 
Stachys tenuifolia, 
Polygonum aviculare 
Danthonia spicata, 
Festuca rubra, 
Hieracium pilosella 
Poa compressa, 
Hieracium pratense, 
Hieracium pilosella 
Melilotus alba, 
Aster simplex, 
Poa compressa 
Tussilago farfara, 
Oenothera biennis, 
Elymus repens 
Solidago canadensis, 
Elymus repens, 
Poa compressa 
Eupatorium maculatum, 
Onoclea sensibilis, 
Aster puniceus 
Epilobium angustifolium, 
Asclepias syriaca, 
Poa compressa 
Agrostis alba, 
Solidago canadensis, 
Phleum pratense 
Daucus carota, 
Cichorium intybus, 
Trifolium pratense 
Aster simplex, 
Solidago canadensis, 
Onoclea sensibilis 
Solidago canadensis, 
Sonchus oleraceus, 
Agrostis alba 
Agrostis alba, 
Poa compressa, 
Melilotus alba 
Spiraea latifolia, 
Poa palustris, 
Aster simplex 
402.46 
107.72 
37.00 
214.12 
531.56 
643.04 
420.80 
480.80 
237.03 
520.78 
695.08 
687.82 
297.34 
643.34 
12.24 
76.92 
16.08 
36.96 
70.04 
450.08 
52.84 
286.12 
44.32 
105.3 
380.04 
200.9 
64.4 
208.98 
Waste land 
(urban) 
Waste land 
(quarry) 
Waste land 
(quarry) 
Waste land 
(quarry) 
Waste land 
(urban) 
Roadside 
Roadside 
(cut forest) 
Roadside 
Waste land 
(urban) 
Roadside 
Roadside 
Agricultural 
land 
Roadside 
- (urban) 
Roadside 
(cut forest) 
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s40 
s41 
s42 
s43 
s44 
s45 
s46 
s47 
s48 
5 
14 
11 
6 
9 
9 
10 
12 
8 
Epilobium angustifolium, 
Festuca rubra, 
Asclepias syriaca 
Anaphalis margaritacea, 
Potentilla norvegica, 
Danthonia spicata 
Phalaris arundinacea, 
Phleum pratense, 
Lythrum salicaria 
Festuca rubra, 
Asclepias syriaca, 
Agrostis alba 
Phalaris arundinacea, 
Apocynum androsaemifolium, 
Solidago canadensis 
Anthoxantum odoratum, 
Centaurea nigra, 
Solidago canadensis 
Aster simplex, 
Poa palustris, 
Solidago canadensis 
Trifolium hybridum, 
Poa palustris, 
Lotus corniculatus 
Solidago graminifolia, 
Trifolium repens, 
Plantago major 
852.62 
265.17 
942.08 
625.02 
958.42 
262.06 
838.39 
238.82 
151.73 
223.16 
0 
333.84 
278.26 
381.84 
17.14 
268.78 
0 
0 
Roadside 
(cut forest) 
Waste land 
(quarry) 
Wetland 
Roadside 
(wet) 
Roadside 
(wet) 
Agricultural 
land 
Roadside 
(cut forest) 
Roadside 
(urban) 
Roadside 
(urban) 
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Appendix 2: Results of linear or generalised additive models between traits and stress and 
disturbance. 
Results of linear or generalised additive models between (a) community weighed mean (CWM) and 
(b) between community weighed variance (CWV) of nine traits and scores of each stress or 
disturbance latent variables obtained from the measurement model for 48 sites. Levels of significance 
are *** p<0.001; ** p<0.01;* p<0.05; ns non significant. Abbreviations of traits follow table 1 of the 
main text. 
CWM 
Log(SLA) 
Log(LDMC) 
Log(LNC) 
LCC 
HRCP 
PA 
RA 
SA 
Log(Sm) 
Stress 
model 
lm 
lm 
lm 
lm 
gam 
lm 
lm 
lm 
lm 
r
1 
0.037 ns 
0.155** 
O.001 ns 
0.102* 
0.464 *** 
O.001 ns 
0.129* 
0.054 ns 
<0.001 ns 
Disturbance 
model 
lm 
lm 
lm 
lm 
lm 
lm 
lm 
lm 
lm 
r
l 
O.001 ns 
0.172** 
0.04 ns 
0.257*** 
0.543 *** 
O.001 ns 
0.162** 
0.020 ns 
0.108* 
CWV 
Log(SLA) 
Log(LDMC) 
Log(LNC) 
Log(LCC) 
Log(HRep) 
Log(PA) 
Log(RA) 
Log(SA) 
Log(Sm) 
lm 
lm 
lm 
lm 
lm 
lm 
lm 
lm 
gam 
0.127** 
0.022 ns 
<0.001 ns 
0.041 ns 
0.121 ** 
O.001 ns 
<0.001 ns 
<0.001 ns 
0.089 ns 
lm 
lm 
lm 
lm 
lm 
lm 
lm 
lm 
lm 
<0.001 ns 
0.032 ns 
0.009 ns 
0.111 * 
0.221 *** 
O.001 ns 
0.015 ns 
<0.001 ns 
0.276 *** 
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Appendix 3: Predicting trait composition from environment. 
Distribution of r2 and Fj between predicted and observed community weighed mean traits obtained by 
cross validation in the 1000 repetitions. This was done in response to disturbance for (A) plant 
maximum height and (B) LCC and for (C) LDMC. Fj is obtained from the comparison between the 
RMSE of prediction calculated in the original datasets (using cross validation) and the median RMSE 
of prediction determined after 1000 random permutations of stress or disturbance values. A value 
greater than 0 means that the predictive model under consideration performs better than a null model. 
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CHAPITRE II -
DES TRAITS AUX ABONDANCES DES 
ESPECES, SUR LE TEST EMPIRIQUE DU 
MODELE MAXENT. 
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Avant propos 
Dans le chapitre precedent, j 'ai documents les patrons de variations entre certains traits des 
plantes et deux filtres environnementaux majeurs, le stress et les perturbations. Dans ce 
second chapitre, j'adresse la possibility de predire de fa9on quantitative la structure 
d'abondances dans les communaut^s vegetales a partir des traits des especes. Shipley et al. 
(2006) ont propose" r6cemment un modele, bas6 sur l'utilisation du formalisme du maximum 
d'entropie, et considerant les valeurs moyennes de traits au niveau de la communaute 
(CWM) comme des contraintes, capable d'obtehir de telles predictions. Bien que les 
capacites de prediction de ce modele semblent etre fortes, un seul test empirique est 
actuellement documents (Shipley et al, 2006). Par consequent les vraies capacites de 
prediction du modele ainsi que ses limites restent floues. 
Au cours de ce chapitre, je teste les capacites de prediction du modele dans differents types 
de communautes et types d'habitats. J'adresse egalement l'effet d'une augmentation de la 
taille du pool d'especes, puisque le seul test empirique actuel est base sur un pool d'especes 
relativement restreint de 30 especes. Finalement, je propose et teste trois modeles maxent 
differents, lesquels reposent sur des hypotheses distinctes quand aux processus sous-jacents a 
1'assemblage des communautes. 
Pour repondre a ces differentes questions, j 'ai utilised, avec l'autorisation des professeurs Phil 
Grime et Ken Thompson, la base de donnees de Sheffield (Grime et al, 1988). Cette derniere 
contient des donnees d'inventaires floristiques effectues sur un grand nombre de quadrats et 
dans differents milieux. Contrairement aux autres bases de donnees utilisees au cours de ce 
doctorat, je n'ai pas particip£ a la recolte ou a la mise en commun de ces donnees. Mon 
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travail a consiste, dans un premier temps, a extraire de cette base de donnees les informations 
necessaires pour tester le modele. Toutes les analyses statistiques presentees dans cet article 
sont egalement de mon fait, et je suis le premier auteur du manuscrit qui en d^coule intituled 
"Plant traits, species pools and the prediction of relative abundance in plant communities: a 
maximum entropy approach". En ce sens, j 'a i moi-meme ecrit l'ensemble du manuscrit qui a 
ensuite ete revise par mes deux codirecteurs de these, le professeur Bill Shipley et le 
professeur Marie-Laure Navas. L'article a et£ accepte a Journal of Vegetation Science. 
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Abstract 
Questions: To what extent can Shipley et al.'s original maximum entropy model of trait-
based community assembly predict relative abundances of species over a large (3000 km2) 
landscape? How does variation in the species pool affect predictive ability of the model? 
How might the effects of missing traits be detected? How can non-trait-based processes be 
incorporated into the model? 
Location: Central England 
Material and Methods: Using 10 traits measured on 506 plant species from 1308 lm2 plots 
collected over 3000 km2 in central England, we tested one aspect of Shipley et al.'s original 
maximum entropy model of "pure" trait-based community assembly (Si) and modified it to 
represent both a neutral (S2) and a hybrid (S3) scenario of community assembly at the local 
level. Predictive ability of the three corresponding models was determined with different 
species pool sizes (30, 60, 100 and 506 species). Statistical significance was tested using a 
distribution-free permutation test. 
Results: Predictive ability was high and significantly different from random expectations in 
Si. Predictive ability was low but significant in S2. Highest predictive ability occurred when 
both neutral and trait-based processes where included in the model (S3). Increasing the pool 
size decreased predictive ability, but less so in S3. Incorporating habitat affinity (to indicate 
missing traits) increased predictive ability. 
Conclusions: The measured functional traits were significantly related to species' relative 
abundance. Our results both confirm the generality of the original model but highlighted the 
importance of (i) taking into account neutral processes during the assembly of plant 
community and (ii) properly defining the species pool. 
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Introduction 
The explanation and prediction of community assembly, and its resulting biodiversity, has 
been a central goal of community ecology since its inception (Clements 1916, Gleason 1917, 
Gleason 1926) and is still a major source of debate and controversy. Although models of 
community assembly have existed for many years, most explain the local and regional 
diversity patterns in terms of "species area curves" and "species abundance distributions" 
(Whittaker 1965, Sugihara 1980, Hubbell 2001). Such models do not predict the abundance 
of any specific species present in a community. Models that do address this more specific 
question either don't make quantitative predictions or else require large numbers of 
parameters that are difficult to measure and that vary with environmental conditions (Lotka 
1925, Volterra 1931, Tilman 1982, Tilman 1988). 
Recently, Shipley et al. (2006) developed a maximum entropy (maxent) model using 
functional traits that makes quantitative predictions of the relative abundance of each species 
in a local community in a given environment from a larger species pool. The empirical 
validity of this maxent model in different environmental contexts is still largely untested. For 
instance the model has been tested only once in the field (Shipley et al. 2006) and the high 
predictive ability reported was obtained from a rather small geographical region (12 km2) and 
with a relatively small (30) species pool. In this paper we present a stronger empirical test of 
certain (not all) aspects of the model and explain how it can be further modified to take into 
account non trait-based processes occurring at larger spatial scales. 
In testing the model one must distinguish between two properties: (i) the degree to which the 
observed community-aggregated traits can account for the observed variation in the relative 
abundances and (ii) the degree to which independently derived values of the community-
aggregated traits can account for the observed variation in the relative abundances. The first 
property allows us to determine if, and to what degree, the traits are significant predictors of 
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the relative abundance while the second property allows us to determine the generality of the 
prediction in new sites that are not used in fitting the model. We cannot predict community-
aggregated trait values from such independent environmental information in this study 
because information on underlying environmental gradients are lacking in the published data 
set that we use (Grime et al. 2007). Therefore we only address the first property in this paper 
but this first property is important because, if one cannot significantly predict, given the 
observed community-aggregated traits, then predictions based on predicted community-
aggregated traits will not be significant either. 
Specifically, we ask four questions. (1) To what degree can knowledge of the values of 10 
community-aggregated traits predict the relative abundances of each species in a specified 
species pool? (2) How does variation in the number of species in the species pool affect this 
predictive ability? (3) How might missing traits affect this predictive ability? (4) How might 
properties of vegetation structure in the larger (3000 km ) landscape affect local community 
structure? To answer these questions we use pre-existing data consisting of 1308 1 m2 
quadrats (i.e. local communities) containing herbaceous vegetation from four contrasted 
habitats (wetland, woodland, agricultural and waste land), within a 3000 km2 area (i.e. the 
larger landscape) of central England (Grime et al. 2007). We also introduce three scenarios 
concerning the relative importance of local trait-based selection vs. immigration from the 
larger landscape that is independent of the measured traits in determining local community 
assembly and explain how each can be incorporated into the generic maxent model. 
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Material and methods 
The maxent model 
In order to place these questions into the proper biological and mathematical context, we first 
present the underlying biological processes assumed by this model, then explain how these 
are translated into mathematical form. 
The biological model 
The assumed biological process at the local level is community assembly through "trait-
based habitat filtering" (Keddy 1992; Diaz et al. 1998). Consider a local community 
occurring within a small area of a much larger landscape and where variation in the 
underlying environmental conditions within this local community is small. The local 
community therefore approximately occurs at a single point along any multivariate 
environmental gradients that might exist in the larger landscape and all individuals in this 
local community will be experiencing the same selection pressures from the environment. 
Demographic processes at this local level are determined by the arrival of propagules from 
the larger landscape, as well as by the population dynamics of the species already established 
in the local community. Functional traits of the different species, in interaction with the local 
environment, affect probabilities of immigration, growth, survival, and reproduction (thus 
fitness) by filtering individuals possessing the proper combination and values of traits 
through the process of natural selection. Because of this, we can describe how natural 
selection will change the average trait values expressed by these individuals (the 
"community-aggregated" trait values of trait j , as given in Eqn. 1) between times t and t+1 
using the classic Breeder's equation of quantitative genetics (Eqn. 2) or its multivariate 
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equivalent (Roff 1997). For extensions leading to the more general Price equation, see 
Shipley (Shipley 2009a). 
f,(')«i>.('K Eqn.1 
TJ{t + \)=h2J{t)SJ{t)+TJ(t) Eqn.2 
Here Oj(t) is the observed relative abundance of species i at time t, h){t) is the heritability of 
trait j at time t and S, it) is the selection differential of trait j at time t in the local community. 
Iterating over time (from 0 to t), we obtain equation 3 which describes how the community-
aggregated trait value is determined by the selective forces acting on the trait. This leads to 
the important conclusion that if the environmental conditions are exerting a selective force on 
these trait values (Eqn. 3) then the observed relative abundances of species having different 
traits will be constrained by their traits (Eqn. 1) and this will be reflected in the average trait 
values. Equation 3 makes the simplifying assumption that intraspecific trait variation is 
much less than interspecific trait variation in these functional traits so that all individuals of 
the same species can be assigned the same trait values. This, however, is not a necessity of 
the model since selection within and between species can be decomposed (Shipley 2009a). 
The mathematical translation 
The biological model assumes two things, (i) The environment imposes differential 
probabilities of survival and reproduction (thus the selection differential, S, in equation 3) of 
individuals having different heritable traits and these are reflected in the average values of 
these traits found in the local community, (ii) This selection differential imposes constraints 
on the relative abundance of species differing in such heritable traits such that the average 
("community-aggregated") trait values are realized. If these assumptions are wrong then the 
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alternative (null) model is that the relative abundances of the species are independent of their 
trait values and that the observed community-aggregated trait values are simply 
consequences - rather than constraints - of non-trait-based processes. 
This conceptual model is next translated into a Maximum Entropy (maxent) model in which 
the information contained in the community-aggregated traits is used to assign probabilities 
(theoretical relative abundances) to each species in the species pool. A maxent model 
consists of three components: (1) a specification of the states, (2) a specification of 
macroscopic empirical constraints and (3) a specification of the prior probability distribution, 
q, whose formulation will be given in the Methods section. The output is a vector of 
predicted probabilities, p, giving the Bayesian probabilities of an entity (here, an individual 
plant) being assigned to a given state in one local community (Jaynes 2003). By definition, 
each of the S species in the species pool can potentially be found in the local community. 
The output Bayesian probability of an individual in the local community being assigned to 
the Ith species in the species pool is given as pi and this is not, in general, equal to the 
observed relative abundance of species i (o;). Since pj=0 means that it is logically impossible 
for an individual to be assigned to species j , and every species in the species pool can 
potentially be found in the local community, it therefore follows that l>pj>0, j=l to S. 
The states in our model are each of the S species in the geographical species pool, which is 
often greater than the observed number of species in a given local community. The vector of 
predicted probabilities, p, must agree with empirical knowledge about the process of 
community assembly (i.e. selection of traits over time) in the local community and this is 
expressed in the form of macroscopic constraints. In our model the empirical macroscopic 
constraints correspond to the J community-aggregated traits (Eqn. 4) plus the normalization 
s 
constraint ( ^ pl = 1). 
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Tj = LpXj Eqn. 4 
1-1 
Combining equations 1 and 4 and dropping the time index we obtain (Eqn. 5) our constraint 
equations 
s 
Tj =Z(o, -pfc Eqn. 5 
Since S (the number of species in the species pool) must be greater than the number (T+l) of 
constraints in order for the predictions to be empirically tested against the data (see "avoiding 
circularity"), it follows that there can be many different possible probability vectors (the 
feasible set) that agree with the empirical constraints. Although the different probability 
vectors in the feasible set all agree with what is empirically known (i.e. the constraint 
equations), and therefore include the information encoded in these constraints, they still 
differ from each other in their information content, as quantified by the relative entropy (Eqn. 
6). 
s 
H(Pi.->Ps) = -TiP'ln(Pi/<l>) E ( l n - 6 
1=1 
The Maximum Entropy Formalism (Jaynes 2003) requires that one choose the probability 
vector from within the feasible set that is maximally uninformative (i.e. the one with 
maximum relative entropy). This is because all probability vectors within the feasible set 
having lower relative entropy necessarily imply additional constraints beyond those for 
which we have empirical evidence, as encoded in the constraint equations. Choosing any 
probability vector other than the one with maximum relative entropy would mean that we 
possess "hidden" empirical information on constraints beyond those that are explicit in the 
model (Shipley 2009a, Shipley 2009b). 
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&*-# 
Maximizing the relative entropy (Eqn. 6), conditional on the empirical constraints (equation 
5), is obtained by choosing the J+l parameters (Lagrange Multipliers, X) that minimize 
Equation 7. 
T f S \ 
0 = tf + Ao(i-Efl)+2>J2>.-/>.)ri IJ 
7-1 V '=1 
Eqn. 7 
This consists of choosing values for each X, that simultaneously (i) forces an agreement 
between p and the empirical constraints and, conditional on this, (ii) maximize the relative 
entropy of p. The result is a probability vector that is as close to the prior (q) as possible 
while satisfying (i) and (ii). This is similar to minimizing least squares in a regression 
context. The general solution to this problem, the Gibbs distribution, is given in Equation 8: 
T 
- Z T..X. 
J = \ lJ J 
q.e J 
Pi = — f- Eqn.8 
- I T..X. 
i 
Sheffield data base. 
The original vegetation and trait data sets, described in detail in Grime et al. (2007) contained 
3405 vegetation releves, 596 measured species and 21 traits. Since trait information wasn't 
available and complete for all species, we therefore focused on the 10 traits that were either 
quantitative or ordinal and that were available for almost all species (Table 1). This resulted 
in 1308 quadrats and 506 species. This contrasts with previous studies using plant traits that 
considered only species contributing significantly to community composition (Gamier et al. 
2004, Shipley et al. 2006, Pakeman & Quested 2007), and therefore allowed us to test the 
predictive ability of the model when very rare species are included. 
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Table 1: List of traits used to predict species abundances. 
Traits are classified into 3 broad categories morphological, phenological and reproductive traits. Plant 
height, flowering start, flowering period, life history and clonality were ordinal variables while all 
others were quantitative. 
Types Traits Functions 
Morphological Specific leaf area (m .g) 
-K Leaf dry matter content (g.g ) 
Maximum height 
Leaf thickness (mm) 
Maximum leaf size (mm ) 
Resource acquisition (RGR), 
conservation 
Resource acquisition (RGR), 
conservation 
Competitive ability 
Resource acquisition (RGR), 
conservation 
Light acquisition 
Phenological Time of first flowering (month) 
Flowering duration (month) 
Lifespan 
Stress and disturbance 
avoidance 
Stress and disturbance 
avoidance 
Disturbance tolerance 
Reproductive Seed mass (mg) 
Capacity for lateral spread 
Dispersal, establishment 
success 
Competitive ability, space 
acquisition 
Since the database didn't include quantitative environmental variables, it wasn't possible to 
predict community-aggregated traits by empirically modelling their relationships with 
environment. We therefore used observed relative abundances derived from the number of 
rooted individuals of each species in each 1 m quadrat to calculate the community 
aggregated trait values associated with each of the 10 traits and adjust the residual degrees of 
freedom accordingly. 
85 
Three scenarios of local community assembly 
The original model in Shipley et al. (2006) assumed that all differences in relative 
abundances in the local community are due to trait differences. However, non-trait based 
processes occurring at larger spatial scales could also be important in explaining the structure 
of plant communities. Fortunately, it is possible to modify the original model of Shipley et al. 
(2006) in order to take into account such non-trait based metacommunity processes by using 
different prior probabilities (q). In this context we developed, tested, and compared the 
predictive ability of three different maximum entropy models based on three distinct 
scenarios of plant community assembly. In each scenario, we consider a local community of 
plants (i.e. within a single quadrat) embedded within a much larger landscape containing S 
species that together form the "geographical" species pool. 
Scenario 1 ("pure local trait-based assembly") 
This scenario assumes that relative abundances in each local community are determined only 
by trait-based selection occurring in that local community, that constraints existing at 
regional scales are irrelevant, and therefore that local abundances are independent of regional 
abundances. Biologically this assumes that all causes of interspecific differences in 
immigration, survival and reproduction in the local community are associated with 
differences in traits. Therefore, given this scenario, once we know the community-aggregated 
trait values then any further information about processes affecting immigration rates at the 
landscape level is redundant. In this case, the prior distribution (q) of the geographical 
species pool at the landscape scale must be a maximally uninformative prior distribution 
(Jaynes 2003). Since the states in the model are the S species of the geographical species 
pool, and since these are discrete, mutually exclusive, fixed in number, and unordered, this 
maximally uninformative prior is a uniform distribution: qt = 1/5 (Jaynes 2003). This is the 
scenario assumed in Shipley et al. (2006). 
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Scenario 2 ("pure local neutral assembly") 
This scenario assumes that relative abundances in each local community are independent of 
trait-based constraints occurring at the local level are determined entirely by constraints 
existing at the regional scale. Furthermore, it assumes that no causes of interspecific 
differences in immigration, survival and reproduction occurring in the local community are 
associated with differences in traits because every individual of every species in the 
geographical species pool has the same probabilities of immigration, survival and 
reproduction at the level of local communities (thus a "neutral" process of assembly). If 
every individual has the same probability of immigrating from the regional pool into the local 
community then the expected proportion of immigrants of each species arriving in the local 
community from a larger landscape is simply the relative abundance of the species in this 
landscape; to cite Hubbell (2001, p. 90): "... the expected abundance of the 1th species at 
equilibrium in the local community is simply equal to the local community size, J, times the 
metacommunity relative abundance of the i* species". Once immigration into the local 
community has occurred then, since the individual probabilities of survival and reproduction 
in the local community are assumed equal, the structure of the local community is determined 
entirely (except for random sampling fluctuations) by the relative abundance of each species 
in the larger landscape. This second scenario therefore represents a simple neutral model at 
the level of local communities although not necessarily at the level of metacommunities. 
Relative abundances will fluctuate in different local communities independently of traits due 
to demographic stochasticity but such differences are, by definition, random and therefore 
unpredictable. However, the expected relative abundances will be equal to the proportion of 
immigrants arriving in the local community. Given this assumption the prior distribution (q) 
will be the relative abundance of each of the S species at the landscape level. We determined 
q as the relative abundance of each of the S species over all 3405 quadrats. We call this 
scenario "local" neutral assembly because it does not exclude non-neutral processes in the 
larger landscape which are subsumed in the prior, q. 
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Scenario 3 ("hybrid model"). 
This scenario, like scenario 1, assumes that probabilities of survival and reproduction in the 
local community are determined by differences in traits. However, it also assumes, like 
scenario 2, that some non-trait based processes occurring at the landscape level (for instance 
historical effects due to land use, the distribution of habitats in the landscape, biogeography, 
speciation events, etc.) affect relative abundances of species at this larger scale. Therefore 
such processes may affect immigration rates, even if some components of immigration 
probabilities can also be determined by differences in traits. The corresponding maxent 
model therefore includes the prior that describes the relative abundances of each of the S 
species at the landscape level (as in scenario 2) and this is then modified by traits constraints 
occurring in the local community (as in scenario 1). 
The effect of the size of the geographical species pool. 
To explore the potential effects of increasing the number of species in the regional special 
pools, we first determined the actual species pool for each quadrat i.e. the set of species 
actually present. We then randomly added other species (from the total pool of 506 species) 
until we obtained a total of 30, 60 or 100 species, repeating this process independently on 
each quadrat. In this sense they represented different "potential" geographical species pools 
and not the "true" geographical species pools. Finally, we extended it to all 506 species 
available in our dataset resulting in one geographical species pool common to all quadrats. 
Presumably, given the large spatial extent of the full data set (3000 km2), this last one greatly 
overestimates the "true" geographical species pools of particular quadrats. 
Taking into account missing traits. 
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It is very unlikely that the available traits are the only ones acting to filter species. In order to 
indirectly detect such missing traits we quantify the degree of habitat specialization shown by 
each species. This assumes that species which are restricted to particular habitat types within 
a landscape (wetlands, forest understory etc.) likely possess specialized trait adaptations. If 
so, then the degree of specialization of a species to a given habitat will covary with such 
traits. Originally, the database classified each quadrat into one of six broad habitat types: 
wetland, woodland, agricultural, spoil, open habitats and wasteland. We grouped together 
three similar habitats (spoil, open habitats and wasteland) in one category, hereafter 
"wasteland", giving four contrasted habitats each one significantly represented in the data set. 
Compiling the observed relative abundance of each species in all 3405 quadrats, we 
estimated the affinity of each species in each of the four habitats as: 
«*=!+ J Eqn9. 
Here,/;* is the total abundance of species i in habitat k and ft is the total abundance of species 
i in all habitats. An affinity of 1 means that the species never occurred in habitat k (and 
therefore presumably lacks critical traits for the habitat) while an affinity of 2 means that the 
species only occurred in habitat k (presumably meaning that the species has very specific 
traits only adaptive to such a habitat). Intermediate affinity values indicated partial affinities. 
We treated these four affinity values (one per habitat type) as additional "traits" for each 
species and also calculated for each community four "aggregated affinity" values. A 
community-aggregated affinity measures the degree to which the vegetation in the quadrat 
consisted of habitats specialists for the habitat in question. 
Running the different models and evaluation of predictive ability. 
We obtained the maximum entropy predictions of relative abundance in each quadrat using 
the Improved Iterative Scaling algorithm of Delia Pietra et al. (1997). This algorithm is 
implemented as an R script and available from the second author. This was repeated for each 
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of the three scenarios assuming different sizes of geographical species pools (S=30, 60, 100, 
and 506), first without including constraints on habitat affinities, and then after including 
these habitat affinities except for the scenario 2. 
To quantify the agreement of observed and predicted values and the improvement in 
predictive ability due to trait constraints relative to the predictive ability of a uniform 
distribution in each quadrat j , we use three different fit indices. First, we report the 
coefficient of determination (r2) between observed and predicted values. We report standard 
r2 values but these can be bias-adjusted for differing numbers of species in the species pool 
(Shipley et al. 2007). Second, we use the following fit index (Eqn. 10) which is the RMSE 
given scenario 1 and is a generalization of the RMSE given scenerios 2 and 3: 
F , = l - ^ i . Eqn 10. 
Here, oy is the observed relative abundance of species i in quadrat j and py is the maxent 
prediction. A value of 0 means that the constraints add no predictive ability beyond that 
already provided by a uniform distribution. A value of 1 means that the constraints plus the 
prior (thus, py) provide perfect predictive ability. 
We also computed the index Gj to compare the predictive ability of the different scenarios. 
L(°y-Pui)2 
G , = l - - g Eqn 11. 
Here, p,^ is the maxent prediction of model 1 (the better fitting model) and py2 is the maxent 
prediction of model 2 (the model with poorer fit). A value of 0 means that the two models 
have equivalent predictive ability while a value of 1 means that model 1 has perfect 
predictive ability. We calculated r2, Fj, and G, in two ways: separately on each quadrat and 
also over all 1308 quadrats giving an overall measure of fit. 
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To determine statistical significance we used a permutation method (Roxburgh & Mokany 
2007, Shipley et al. 2007, Shipley 2009c) based the fit index in Eqn. 10 and also on Eqn. 12 
which gives greater weight to deviations of species predicted to be rare. 
X2^kz£l Eqn. 12. 
tf Pi . 
Because of the substantial computer time and the number of quadrats involved, we proceeded 
in a statistically conservative manner. The null hypothesis is that the traits of the species do 
not constrain their relative abundances (i.e. traits are independent of relative abundances). 
Given this, the observed level of fit of our model will not be significantly larger than the fit 
obtained from a random juxtaposition of traits and relative abundances. To determine 
statistical significance of a single quadrat we (1) randomly permuted the rows of the 
speciesXtraits matrix in order to force independence between the observed relative 
abundances and the traits, (2) obtained the community-aggregated traits and predicted 
relative abundances for this permuted "data set" and determined the fit, (3) repeated steps 
one and two 400 times and (4) counted the proportion {pqJ of such permuted data sets 
(whose "traits" are by definition independent of the observed relative abundances) that gave a 
better fit than the actual quadrat i was used as an estimate of the null probability; if no 
permuted data sets gave a better fit then we assigned a conservative null probability of 1/401. 
Because these quadrats were widely separated in space, we can reasonably assume that they 
are spatially independent. Given this, we can combine the probabilities of each quadrat into a 
Q 
composite probability over all Q quadrats using Fisher's formula C = -2^1n(/?') which is 
1=1 
distributed as a chi-squared variate with 2Q degrees of freedom under the null hypothesis of 
independence of traits and observed relative abundances (Sokal and Rohlf 1981, p. 779). 
Since C was based on 40 randomly chosen quadrats, this is a conservative test because if the 
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null hypothesis is false then statistical power to detect a significant effect will increase as the 
number of quadrats is increased. 
To test for significance in predictive ability using only the prior we proceeded as above 
except that the maxent probabilities were replaced by the prior probabilities. This is justified 
because, in the absence of trait constraints, the maximum entropy probabilities coincide with 
the prior probabilities (cf. Eqn. 8). 
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Table 2 reports the Fj and r values obtained with the different scenarios, with or without 
habitat affinity, and for the different sizes of the potential geographical species pool. 
Comparisons between scenarios using Gj are given in Table 3. 
Scenario 1 ("local trait-based assembly"). 
Using 10 traits and 30 species in the pool, we explained, on average, 93.8 % of the variation 
in observed relative abundances (Table 2). This was highly significant (p=3X10'5 for the F 
index and 2X10" for the X index). The improvement of the fit (F index) between observed 
and predicted data that was due to the traits was on average 93% across the 1308 plots 
compared to a uniform distribution (Table 2). Using the same plots and traits but including 
60 species in the pool reduced the explained variation to 75.9% but this too was highly 
significant (p=2X10"3 for the F index and p=lX10"3 for the X2 index) and reduced the overall 
fit to 0.703; this decrease was significant (Wilcoxon test, V = 769682, p-value < 0.001). As 
the size of the species pool increased, the model tended to underestimate the relative 
abundance of dominant species (Figure 1). Although the fit was still relatively good using a 
species pool of 100 (Fj=0.514; r2=0.546; p=lX10"3 for the F index and 4X10"6 for the X2 
index) this was not the case when including all 506 species in the pool (Fj=0.083; r2= 0.089) 
although the traits were still highly significant predictors of the observed relative abundances 
(p=2X10"3 for the F index and p=4X10"9 for the X2 index). As shown in Figure 1 (log scale), 
species whose observed relative abundance was less than 0.2 were not always predicted with 
the same accuracy as dominant species and this was especially true with larger species pools. 
Similarly, species that were included in the pool but that were not present in the quadrats (i.e. 
Ojj=0) were sometimes greatly overestimated by the model especially with large S; this 
necessarily decreased the predictive ability of the model with increasing pool size. Predictive 
ability did not differ substantially between habitats although predictions obtained from 
agricultural sites were slightly less precise (data not shown). Quadrat-specific values of Fj 
were related to the observed species richness and evenness of the quadrats (Figure 2a). We 
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observed a decrease in Fj as well as in r2 values (data not shown) as both species richness and 
evenness increased. 
Figure 2: Predictive ability of the model in relation to vegetation structure. 
Relationships between the observed diversity of each of the 1308 quadrats and Fj measured per 
quadrat in scenario l(plot A), 2 (plot B) and scenario 3 (plot C) and with 30 in the geographical 
species pool. Diversity was decomposed in its two components: species richness and species 
evenness. 
When we added constraints on the four community-aggregated habitat affinity values into 
scenario 1, we improved the fit between observed and predicted abundances at all pool sizes 
(Table 2). This improvement was not however, sufficient to counterbalance the decrease in 
predictive ability due to increasing pool size in the largest species pool since both median 
values of r2 (^=0.240) and Fj (FpO.210) remained small at S=506 (Table 2). This is also 
apparent in Table 3, where the improvement of fit that resulted from the addition of habitat 
affinities when S=506 was negligible (Gj=0.087). 
Scenario 2 ("local neutral assembly") 
When assuming that only neutral processes acted during the assembly of a local community, 
we observed a weak correlation between observed and predicted abundances even for the 
smallest (30) species pool (r2=0.281). Although this neutral model performed better than 
simply assuming a uniform distribution of species, the increase in predictive ability was 
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never more that 17% (Table 2). Despite these weak correlations, permutation tests showed 
that they were highly significant at all pool sizes. As for scenario 1, the predictive ability 
was related to species richness and species evenness of the quadrats (Figure 2b). Scenario 2 
always performed more poorly than scenario 1 (Table 3) and this was especially true when 
habitats affinities were included in scenario 1. The only exception came from the largest 
species pool; in this case the predictions of scenario 1 were only slightly better than those of 
scenario 2 (Gj=0.100). 
Scenario 3 ("hybrid scenario") 
When both neutral and trait-based habitat filtering were included into the model with 30 
species in the species pool, but without including habitat affinities, the predictive ability of 
the model was very good (Table 2) and higher than the one reported in scenarios 1 and 2 
(r2=0.983; Fj=0.978; significant r2=0.56). As in scenario 1, this predictive ability was reduced 
when we increased the size of the species pool, however this decrease was less pronounced 
and predictive ability was still high with a species pool of 100 (^=0.854; significant r2=0.69; 
Fj=0.883). Predictive ability was related to diversity of the studied community in the same 
way than in scenario 1 (Figure 2c). 
Using Gj index to compare the results of the different scenarios, we observed that the model 
corresponding to scenario 3 performed better than either scenario 1 or scenario 2 for all sizes 
of species pools (Table 3). Including the affinity in this scenario, as in scenario 1, increased 
the predictive ability in all cases, even for the largest species pool (Table 3). The tendency to 
overestimate absent species, and therefore to underestimate dominant species, was less 
pronounced (Figure 3). Indeed, even with 100 species in the pool the predictive ability of 
scenario 3 with habitat affinities was higher than the one reported in scenario 1 for a 30 
species pool without affinities (r2=0.957; significant r2=0.23; Fj=0.944). 
98 
o
 »-
«
 
°
 
«
 8,
„
 
is
 
o
 
-
•
a c 3 A 
«
 
69
 
o
 
1 
•a
 
© ° 
M
 
-
J 
•O
 
o
 
1 
4) a.
 
o
 
~
 
A)
 t 
t 
•-
-
i" 
i 
•
 
r'
 
•
 
*
 
•
 
»
 
«
•
 
t 
1 
1 
1 
1 
D)
 it
1 
•
i 
-
r 
:T
 
r 
' 
<
 
i 
8
.
 
8
.
 
o
 
(0 4>
 2 
«
J 
10
 
°
 
•
5 
o
 
c 
S 
.
 
3 
o
 
•
 redi 
0 02 
Q
.
 
_
 
o
 
I 
<
 
•
 
1 
1 
1 t 
t 1 
*
 
*
V 
t-
*
 
t 
! 
1 
1 
t. 
Il 
T 
1 
1 
1 
r 
':
! 
T 
r 
-
i 
r 
00
1 
00
2 
00
$ 
01
0 
02
0 
Ob
ser
ve
d 
ab
un
da
nc
es
 
05
0 
10
0 
00
1 
00
2 
00
5 
01
0 
02
0 
Ob
ser
ve
d 
ab
un
da
nc
es
 -
1 
r 
05
0 
10
0 
00
1 
00
2 
00
5 
01
0 
02
0 
Ob
ser
ve
d 
ab
un
da
nc
es
 
05
0 
10
0 
00
1 
00
2 
00
5 
01
0 
02
0 
Ob
ser
ve
d 
ab
un
da
nc
es
 
Fi
gu
re
 
3:
 
R
es
ul
ts
 
o
f s
c
e
n
a
r
io
 
3 
w
it
h 
ha
bi
ta
t 
a
ff
in
iti
es
.
 
O
bs
er
ve
d 
v
er
su
s 
pr
ed
ic
te
d 
re
la
tiv
e 
a
bu
nd
an
ce
s 
o
f 
th
e 
S 
sp
ec
ie
s 
in
cl
ud
ed
 
in
 
th
e 
po
ol
 
in
 
ea
ch
 
o
f t
he
 
13
08
 
qu
ad
ra
ts
 
u
sin
g 
sp
ec
ie
s 
po
ol
s 
o
f 
(A
) S
=3
0,
 
(B
) S
=6
0,
 
(C
) S
=1
00
, 
o
r 
(D
) S
=5
06
.
 
Th
e 
to
p 
ro
w
 
u
se
s 
a
ri
th
m
et
ic
 
sc
a
le
s 
an
d 
th
e 
bo
tto
m
 
ro
w
 
u
se
s 
a
 
lo
ga
ri
th
m
ic
 
sc
a
le
.
 
Ea
ch
 
po
in
t 
re
pr
es
en
ts
 
a
 
sp
ec
ie
s 
in
 
a
 
pa
rt
ic
ul
ar
 
qu
ad
ra
t. 
D
ot
s 
sh
ow
 
th
e 
m
ed
ia
n
 
v
a
lu
es
 
a
lo
ng
 
w
ith
 
th
e 
25
%
 
an
d 
75
%
 
qu
an
til
es
.
 
99
 
Discussion 
General considerations 
The full model of Shipley et al. (2006) involves two steps. First, community-aggregated traits 
are predicted from environmental gradients using standard statistical methods; alternatively, 
one can obtain estimates of community-aggregated traits by randomly sampling the trait 
values of individuals in the local community without reference to species' abundances 
(Gaucherand and Lavorel 2007). These predicted (not measured) community-aggregated 
traits are then used to predict the relative abundance of each species in a species pool using 
the maxent model. Because the Sheffield data set does not include information on underlying 
environmental gradients, nor does it include independent estimates of community-aggregated 
traits, we cannot carry out this more rigorous test of predictive ability. However, using the 
observed (not predicted) community-aggregated trait values, we can still assess the degree to 
which such community-aggregated traits predict community structure. This establishes an 
upper bound on the more general predictive challenge since the predicted community-
aggregated values will be less precise than the observed values. 
A number of authors (Haegeman & Loreau 2008, Marks and Muller-Landau 2007, Roxburgh 
and Mokany 2007) have commented on an apparent "circularity" when community-
aggregated traits, calculated from observed relative abundances, are then used to predict the 
relative abundances. This circularity does not exist (Shipley 2009). Certainly it is preferable 
to obtain the community-aggregated traits from independent information since only this will 
determine the degree to which the model can be generalized to new sites. However fitting 
and then testing a maxent model from observed relative abundances, as done above, is 
exactly analogous to a common regression model and the same rules apply to both. In 
regression one can first use the data set to obtain least-squares estimates of the model 
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parameters (intercept and slopes) and then evaluate the degree and statistical significance of 
the resulting fit between observed and predicted values using the same data set. In order to 
permit an empirical test of such a fit, and thus avoid circularity between data and model fit, 
one must have positive residual degrees of freedom and any significance test must be based 
on this number of residual degrees of freedom. This allows one to evaluate the first property 
of predictive ability - determining the significance of the independent variables and the 
degree of fit between observed and predicted values - but does not evaluate the generality of 
the model to new independent data. This is the same for our maxent model where statistical 
significance is tested against the null model of independence between traits and relative 
abundances through a permutation test. Model degrees of freedom are equal to the number 
of observed constraints (J+l). The residual degrees of freedom are equal to S-J-l and this is 
always positive in our application. In the models involving different sizes of species' pools 
(S = 30, 60, 100 and 506 species) and numbers of constraints the residual degrees of freedom 
ranged from 15 to 505 and these were incorporated into the permutation tests. 
As such, this study represents the first large empirical test of the method developed by 
Shipley et al. (2006), incorporating different scenarios of community assembly, with an 
emphasis on potential limits. The first scenario (i.e "pure trait-based local assembly") 
assumes that all interspecific differences in immigration, survival, growth and reproduction 
in the local community are determined by traits. Given this scenario with 10 traits and with a 
relatively small potential geographical species pool (30 species), we obtained a high, and 
statistically significant, predictive ability of species relative abundance. Our result is similar 
to the one reported by Shipley et al. (2006) whose original model was equivalent to our 
scenario 1 and who worked with the same size of species pool but not the same species and 
traits. However, we observed that increasing the number of species in the geographical 
species pool reduced the predictive ability of this scenario even though the observed levels of 
predictive ability were still statistically significant. In contrast to this, the predictive ability of 
scenario 2 (local neutral processes) was always low but also always better than simply 
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assuming a uniform distribution, indicating that there are processes at the landscape level that 
affect community structure of the local communities. Scenario 3, which includes such 
landscape effects but modifies these at the local level through trait-based selection, always 
had the best predictive ability. Furthermore, in this case, the decrease in predictive ability 
with increasing pool size was less pronounced and provided good predictive ability even with 
large pool sizes. 
We also observed that species present at a relatively low abundance (oy <0.2) were 
sometimes poorly predicted. The differentiation between absent and rare species was difficult 
to achieve as pointed out earlier by Cingolani et al. (2007). This tendency was observed in 
both scenarios 1 and 3 but predictions of rare species in these two scenarios were always 
better than those of scenario 2 which poorly predicted both rare and dominant species. 
Moreover, accurately predicting the relative abundance of rare species may be less important 
for studies concerned with ecosystem functioning since only dominant species will have a 
significant effect on ecosystem properties (Berendse 1998, Grime 1998, Gamier et al. 2004). 
In each of the three scenarios, we observed that the predictive ability did not differ 
substantially between habitats, but was related to the observed species richness and evenness 
of each quadrat. Indeed, predictions were very accurate in almost all species-poor quadrats 
(even though the species pool could be large), whereas species-rich communities were best 
predicted when a few species dominated the vegetation. Using simulated communities, 
Roxburgh and Mokany (2007) also observed a decrease in predictive ability with increasing 
species richness. These results suggest that our maxent models could be applied in contrasted 
environments with different types of vegetation, but also suggest that using them in species-
rich communities might be less informative. It is possible that the local assembly of such 
vegetation is determined by rapid and random immigration events rather than by trait-based 
filtering as suggested by the carousel model in species rich alvar grassland communities (Van 
Der Maarel & Sykes 1993). 
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Effects of species pool size. 
The decrease in predictive ability with increasing pool size could be explained by a 
combination of two factors. First, since the Maximum Entropy Formalism assigns a non-zero 
probability to each species included in the species pool, this will necessarily generate a 
higher predicted than observed relative abundance (i.e. a positive prediction error) on species 
that are actually absent from the quadrat. A species in our analysis could be absent from a 
quadrat for two reasons. If it is truly a member of the geographical species pool (i.e. its 
propagules can reach the quadrat), but it is strongly selected against in the local community, 
then it will be very rare and so would be missing due to sampling effects. On the other hand, 
it might actually be unable to reach the quadrat; if so then it is not really a member of the true 
geographical species pool even though we included it in our randomly constructed species 
"pool". As we increased the number of species in our pool by randomly choosing species 
from a database covering 3000 km , it is likely that more and more species in our species 
"pools" were not really part of the true geographical species pool. Given this, the number of 
positive prediction errors must also increase and the cumulative effect of such errors becomes 
non-negligible. Since the sum of relative abundances must always be unity, this large positive 
cumulative prediction error on absent species must generate a corresponding negative 
prediction error for those species actually present. Thus, increasing the pool size will result in 
an underestimation of the abundances of species actually present in the quadrats while 
overestimating the abundances of species included in the pool but not present in the quadrat. 
This highlights the importance of properly defining and measuring the appropriate 
geographical species pool. 
A second explanation for the pool size effect is possible. The predictive ability is determined 
(in scenario 1) only by the degree to which differential probabilities of survival, reproduction 
and dispersal are captured by traits and therefore constrain the community-aggregated trait 
values. Two or more species with similar traits in the geographical pool (i.e. that are 
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functionally redundant) will have almost the same predicted relative abundances. Such 
similar species would have, in effect, almost equal probabilities of survival and reproduction, 
their actual dynamics would be almost equivalent and so chance sampling effects would be 
relatively more important. In this context, randomly introducing more species into the pool 
with a fixed number of traits will necessarily increase the concentration of species with 
similar measured traits and this would increase functional redundancy. Such functional 
redundancy limits the predictive ability of the model and can be addressed by including more 
informative functional traits. 
Introducing habitat affinities. 
It is unlikely that the traits available in our data set completely determine the assembly of 
species in our community. Other traits reflecting key ecological functions, especially 
regeneration and dispersal, are needed to properly differentiate species as the pool size 
increases. We used habitat affinities based on the assumption that these will be correlated 
with specific adaptations that might be missing in our data. For example, a species with a 
particularly high affinity for wetlands will likely have specific trait adaptations for this 
habitat. A quadrat having a large community-aggregated value of habitat affinity for 
wetlands means that an average species in this quadrat is a habitat specialist for wetlands. 
Including community-aggregated habitat affinities into the model always improved predictive 
ability and we interpret this as indirect evidence that important traits were missing. Of 
course, such evidence is only suggestive and it is necessary to explicitly identify and measure 
such missing traits. 
Combining neutral and trait based processes. 
Although trait-based (niche) and neutral explanations of community assembly have usually 
been considered as contradictory, components of both processes (demographic stochasticity, 
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random migration events and environmental filtering) can act together to explain the 
assembly and the resulting structure of plant communities (Fukami et al. 2005, Herault 
2007). In scenario 3, we introduced a neutral process of dispersal limitation from the larger 
landscape via a "neutral" prior based on the assumption that all individuals of all species 
have the same probability of immigrating into the local community and so, in the absence of 
trait-based selection in the local community, immigration rates per species equal the relative 
abundance of each species in the landscape. We then incorporated the local processes of trait-
based filtering via the community-aggregated trait values. It is important to remember that 
this model only refers to neutrality at the level of the local community. Indeed, since trait 
differences affected relative abundances at the local level, and the landscape level is the sum 
of the local communities, this means that landscape-level assembly is not purely neutral 
either. Therefore our neutral prior should not be interpreted as a compete translation of 
neutral theory but only as a description of the average expectations of species abundance at 
the local level. In fact, it is logically possible, although unlikely in this data set, for our 
"neutral" prior to be entirely caused by trait-based constraints; if this is true then the prior is 
not really neutral. This could arise if the selective pressures acting on the traits are 
quantitatively (not just qualitatively) the same in every local community. If so then every 
local community would have the same resulting relative abundance up to sampling variation 
and the "neutral" prior obtained by summing over all local communities in the landscape 
would already incorporate the trait-based constraints that would also exist in every local 
community. Because maximizing entropy relative to a prior consists of choosing the maxent 
distribution that is a close to the prior as possible while agreeing with the stated constraints, 
and since such a prior would already have incorporated the information contained in the 
constraints, then the local trait constraints would be completely redundant and would be non-
significant. 
Some researchers have already tried to unify neutral and niche views (Tilman 2004, Jabot et 
al. 2008) and our maxent model suggests a way of doing this while providing quantitative 
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predictions of relative abundances in the field. Using scenario 3, we considerably improved 
predictive ability relative to the original model and further improved predictive ability when 
habitat affinities were added. In this later case predictions were still accurate even with a very 
large species pool in contrast with the other two scenarios where predictions were quite poor. 
Furthermore even rare species were quite accurately predicted; for instance 50% of the 
predicted relative abundances of rare species with observed relative abundances of 0.04 were 
between 0.01 and 0.06 (Figure 3). 
This high predictive ability could be explained by the fact that scenario 3 allows us to deal 
with the potential limits described earlier. In scenario 3 the numbers of immigrants that can 
potentially reach a local community depend to some extent on the distribution of the species 
in the landscape surrounding the community. Therefore even if two species (included in the 
geographical species pool) have similar traits, they will be predicted with different relative 
abundances according to their corresponding abundances in the landscape surrounding the 
community. Moreover species that are truly rare in the landscape will be predicted with a 
high abundance in a local community only when their traits provide a strong selective 
advantage in the local environment. 
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Conclusion 
Despite interest (McGill 2006, Marks & Muller-Landau 2007, Roxburgh & Mokany 2007, 
Haegeman & Loreau 2008) in the method of Shipley et al. (2006) and recent ecological 
interest in maximum entropy methods in general (Pueyo et al. 2007, Dewar & Porte 2008), 
the present study is the first large empirical field test of the original model. Our results 
demonstrate the empirical success of the original model to predict species relative 
abundances in different environments and points out current limits to its application in 
species rich communities, especially when the geographical species pool is also large and the 
species have similar functional traits. We also developed a way of combining aspects of both 
niche-based and neutral community assembly into a stronger predictive maxent model 
(scenario 3). Three critical unanswered questions are suggested by our results. How can we 
best identify those functional traits that maximize predictive ability while being causally 
linked to environmental filters? How can we properly define and empirically determine the 
"geographical species pool"? Finally, how much functional redundancy exists in the 
geographical species pools of different areas with respect to these key traits? 
Acknowledgements This research was financed by the Natural Sciences and Engineering 
Research Council of Canada. We thank Phil Grime and Ken Thompson for the use of their 
data, and Cyrille Violle and Marco Festa-Bianchet for their comments. 
107 
References 
Berendse, F. 1998. Effects of dominant plant species on soils during succession in nutrient-
poor-ecosystems. Biogeochemistry 42: 73-88. 
Cingolani, A.M., Cabido, M., Gurvich, D.E., Renison, D. & Diaz, S. 2007. Filtering 
processes in the assembly of plant communities: Are species presence and abundance driven 
by the same traits? Journal of Vegetation Science 18: 911-920. 
Clements, F.E. 1916. Plant succession: an analysis of the development of vegetation. 
Carnegie institution Publication, Washington. 
Delia Pietra, S., Delia Pietra, V. & Lafferty, J. 1997. Inducing features of random fields. 
IEEE Transactions on Pattern Analysis and Machine Intelligence 19: 380-393. 
Dewar, R.C. & Porte, A. 2008. Statistical mechanics unifies different ecological patterns. 
Journal of Theoretical Biology 251: 389-403. 
Fukami, T., Bezemer, T.M., Mortimer, S.R. & van der Putten, W.H. 2005. Species 
divergence and trait convergence in experimental plant community assembly. Ecology 
Letters 8: 1283-1290. 
Gamier, E., Cortez, J., Billes, G., Navas, M.-L., Roumet, C, Debussche, M., Laurent, G., 
Blanchard, A., Aubry, D., Bellmann, A., Neill, C. & Toussaint, J.-P. 2004. Plant functional 
markers capture ecosystem properties during secondary succession. Ecology 85: 2630-2637. 
Gleason, H.A. 1926. The individualistic concept of the plant association. Bulletin of the 
Torrey Botanical Club 53: 7-26. 
Gleason, H.A. 1917. The structure and the development of the plant association. Bulletin of 
the Torrey Botanical Club 44: 463-481. 
Grime, J.P. 1998. Benefits of plant diversity to ecosystems: imediate, filter and founder 
effects. Journal of Ecology 86: 902-910. 
108 
Grime, J.P., Hodgson, J.G. & Hunt, R. 2007. Comparative plant ecology: afunctional 
approach to common British species. 2nd edition. Castlepoint Press, London. 
Haegeman, B. & Loreau, M. 2008. Limitations of entropy maximization in ecology. Oikos 
117:1700-1710. 
Herault, B. 2007. Reconciling niche and neutrality through the Emergent Group approach. 
Perspectives in Plant Ecology Evolution and Systematics 9:71 -78. 
Hubbell, S.P. 2001. The unified neutral theory of biodiversity and biogeography. 1st edition. 
Princeton University Press, Oxford. 
Jabot, F., Etienne, R.S. & Chave, J. 2008. Reconciling neutral community models and 
environmental filtering: theory and an empirical test. Oikos 117: 1308-1320. 
Jaynes, E.T. 2003. Probability theory. The logic of science. Cambridge University Press, 
Cambridge. 
Lotka, A.J. 1925. Elements of physical biology. Williams & Williams, Baltimore. 
Marks, CO. & Muller-Landau, H.C. 2007. Comment on "From plant traits to plant 
communities: A statistical mechanistic approach to biodiversity". Science 316. 
McGill, B.J. 2006. A renaissance in the study of abundance. Science 314: 770-772. 
Pakeman, R.J. & Quested, H.M. 2007. Sampling plant functional traits: What proportion of 
the species need to be measured? Applied Vegetation Science 10: 91-96. 
Pueyo, S., He, F. & Zillio, T. 2007. The maximum entropy formalism and the idiosyncratic 
theory of biodiversity. Ecology Letters 10: 1017-1028. 
Roxburgh, S.H. & Mokany, K. 2007. Comment on "From plant traits to plant communities: 
A statistical mechanistic approach to biodiversity". Science 316: 1425b. 
Shipley, B. 2009a. From plant traits to vegetation structure: Chance and selection in the 
assembly of ecological communities. Cambridge University Press., Cambridge. 
109 
Shipley, B. 2009b. Limitations of entropy maximization in ecology: a reply to Haegeman and 
Loreau. Oikos 118: 152-159. 
Shipley, B. 2009c. Trivial and non-trivial applications of entropy maximization in ecology: 
Shipley's reply. Oikos 118: 1279-1280. 
Shipley, B., Vile, D. & Gamier, E. 2006. From plant traits to plant communities: A statistical 
mechanistic approach to biodiversity. Science 314: 812-814. 
Shipley, B., Vile, D. & Gamier, E. 2007. Response to comments on "From plant traits to 
plant communities: A statistical mechanistic approach to biodiversity". Science 316. 
. Sugihara, G. 1980. Minimal community structure : an explanation of species-abundance 
patterns. American Naturalist 116: 770-787. 
Tilman, D. 2004. Niche tradeoffs, neutrality, and community structure: A stochastic theory of 
resource competition, invasion, and community assembly. Proceedings of the National 
Academy of Sciences of the United States of America 101: 10854-10861. 
Tilman, D. 1988. Plant strategies and the dynamics and structure of plant communities. 
Princeton University Press, Princeton. 
Tilman, D. 1982. Ressource competition and community structure. Princeton University 
Press, New Jersey. 
Van Der Maarel, E. & Sykes, M.T. 1993. Small-scale plant species turnover in a limestone 
grassland: the carousel model and some comments on the niche concept. Journal of 
Vegetation Science 4:179-188. 
Volterra, V. 1931. Leqons sur la TMorie Mathematique de la Lutte pour la Vie. Gauthier-
Villars, Paris. 
Whittaker, R.H. 1965. Dominance and diversity in land plant communities. Science 147: 250-
260. 
110 
CHAPITRE III -
QUANTIFIER L'IMPORTANCE RELATIVE DES 
TRAITS DANS LA DETERMINATION DE LA 
STRUCTURE DES COMMUNAUTES, VERS UNE 
LISTE OPTIMALE DE TRAITS. 
in 
Avant propos 
Le troisieme chapitre de ce doctorat adresse un aspect important de toute approche 
fonctionnelle. Quels sont les traits les plus importants pour predire les changements dans la 
structure des communautes induis par des changements dans l'environnement? La direction 
et la force de selection s'operant sur les traits durant l'assemblage des communautes peuvent 
varier en fonction du trait et de l'environnement. Dans ce contexte, il devient important de 
pouvoir quantifier la selection induit par le filtrage environnemental, afin de pouvoir 
d'identifier les traits les plus importants pour determiner la structure des communautes. Je 
propose ici une methode permettant de quantifier les directions et les forces de selection dues 
au filtrage environnemental et done 1'importance relative de differents traits durant 
l'assemblage des communautes vegetales. J'ai utilise ensuite cette methode pour determiner, 
dans differents types de communautes, une liste de traits parcimonieuse permettant de predire 
avec precision l'abondance -relative des especes. J'ai applique cette methode sur des 
communautes vegetales soumises a differents niveaux de fertilite et differentes intensites de 
paturage, dans le sud de la France. 
Ces travaux ont ete realises en collaboration avec Pequipe Ecophysiologie Comparative du 
Systeme Plante-Sol (ECOPAR) du Centre National de Recherche Scientifique (CNRS). Les 
resultats presentes dans ce chapitre sont issus des inventaires floristiques et mesures de traits 
realisees par une etudiante du groupe ECOPAR, Adeline Fayolle au cours de sa these, et 
auxquels j 'ai moi-meme participe de facon importante pendant quatre mois, durant mon 
sejour a Montpellier en 2007. Les analyses presentees dans l'article intitule " A novel method 
to identify plant traits that determine community structure: A test in herbaceous plant 
communities under contrasted land use regimes " ainsi que la redaction de cet article pour 
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lequel je suis premier auteur sont issus de ce travail. Le manuscrit est actuellement en 
revision pour une soumission prochaine dans Ecology Letters. 
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A novel method to identify plant traits that determine community 
structure: A test in herbaceous plant communities under 
contrasted land use regimes. 
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Abstract: 
Questions: How can one determine the direction and strength of environmental filtering of 
different traits during community assembly and therefore the relative importance of different 
traits in explaining plant community structure? How does the direction and strength of 
environmental filtering of different traits during community assembly change under 
contrasted land use regimes? How can one use such information to establish a parsimonious 
list of traits that together allow one to predict the relative abundances of each species in plant 
communities? 
Methods: We studied the floristic and functional composition of rangelands in southern 
France that vary in nutrient availability and disturbance levels: (i) a fertilized and heavily 
grazed sheep pasture on limestone bedrock (FGCa), (ii) unfertilized, and less grazed pastures 
on limestone (fGCa) or dolomite, bedrock (fGDo) and (iii) an unfertilized, ungrazed pasture 
on dolomite bedrock (fgDo). Aboveground vegetation was described on 32 plots (8 per land 
use regime, each lmxlm) and twelve morphological, phenological, chemical and 
reproductive traits were measured on both dominant and minor species (n==68). After 
standardizing each trait to unit variance we calculated for each their community level 
weighed mean. We first used the entire trait dataset to predict species relative abundances 
using a trait based maximum entropy model and quantified the relative importance of each 
trait in predicting relative abundance. We then ranked traits based on their relative 
importance in each treatment and finally determined the most parsimonious list of traits 
allowing accurate prediction using a stepwise selection procedure. 
Results: Using the set of 12 traits, we were able to predict species relative abundance 
accurately using constraints based on community-weighted means (r2=0.716). Leaf carbon 
content was the least important trait while plant reproductive and vegetative heights were 
both the most important for predictions. The predictive values of these three traits were also 
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relatively similar between land use regimes. The importance of leaf phosphorus content, the 
date of seed maturation, and seed mass differed significantly between land use regimes. 
Using stepwise selection we reduced the set of relevant traits to six while maintaining 
predictive ability (r2=0.648). Plant reproductive and vegetative heights and leaf area were 
important in all four different land use regimes: Leaf phosphorus content, seed mass and 
specific leaf area were also important in three of the land use regimes. 
Conclusion: Although the 12 traits used in this study have been chosen according to their 
relevance to study vegetation response to grazing and fertilisation, we found that traits vary 
in their relative importance. Moreover we showed that the relative importance of traits 
changed among treatments. Some traits were never important (leaf carbon content) others 
were always important (vegetative height) and others were important in specific treatments. 
Using our stepwise procedure we were able to predict the relative abundance of species, and 
how these abundances change with land use, using only six plant traits. This list of traits 
differed between treatments but four traits were particularly important in all four treatments, 
vegetative and reproductive plant heights, leaf dry matter content and leaf nitrogen content. 
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Introduction: 
Functional traits have recently received considerable attention from plant ecologists due to 
their perceived ability to scale up from ecophysiology to population and community structure 
and ecosystem functioning (Shipley 2007). A trait-based approach also holds promise for 
predictive community ecology as highlighted by Lavorel & Gamier (2002) and for which a 
practical application is seen in the maxent model of Shipley et al. (2006). This approach 
raises three important questions: (i) which traits are the most important in determining 
community structure? (ii) how many traits are needed to predict changes in community 
structure? and (iii) how do the answers to questions (i) and (ii) change in different 
environmental contexts? Here "community structure" refers to the (relative) abundance of 
each species in the community. In this paper we introduce a new method of providing 
quantitative answers to each of these questions and apply it to a series of herbaceous plant 
communities experiencing different land-use and edaphic pressures. 
A complete answer to question 1 would consist both of a list of such traits and a quantitative 
measure of how much the possession of each trait contributes to determine the relative 
abundance of a species. Many studies have identified traits that are significantly related to 
species' responses along specific gradients and provide partial answers to the first and third 
questions (Grime 1979; Cingolani et al. 2007; Diaz et al. 2007b). These studies do not 
quantify, however, the amount by which each trait contributes to the relative abundance of 
each species. Second, although many traits have been consistently associated to specific 
gradients, species face different environmental filters during community assembly. These 
may interact and modulate the effect of each other and result in more complicated patterns of 
selection of traits. Therefore to properly answer to the first question, we need to quantify the 
relative importance of different traits during community assembly. We propose one such 
quantitative measure in this paper. 
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The second question is related to the first but implies the notion of parsimony. The goal is to 
find the smallest set of traits that determine community structure. Besides the original work 
of Grime (1979), only a few studies have tried to establish a common core list of plant traits 
(Weiher et al. 1999) that should be used in functional and community ecology. In Weiher et 
al. (1999) the selected traits are chosen because they are believed to be important for species 
dispersal, establishment and persistence. It does not follow that the proposed traits are 
necessarily those that are the fewest in number while still maximizing predictive ability of 
species abundances. To find such a list of traits it is again necessary to quantitatively measure 
the relative importance of different traits in determining community structure. To our 
knowledge, only the study of Bernhardt-Romermann et al. (2008) addresses parsimony in 
plant trait analysis in a practical way. Their method was devised to identify the most 
responsive traits along an environmental gradient. This goal differs from ours, which is to 
find a parsimonious list of traits that maximises predictive ability of species abundances. 
In this study we therefore wanted to determine the direction and strength of environmental 
filtering of different traits during community assembly and therefore the relative importance 
of different traits in explaining plant community structure in different herbaceous plant 
communities. We then used such information to establish a parsimonious list of traits that 
together allow one to predict the relative abundances of each species in plant communities. 
To answer these questions, we introduce a novel method that quantifies the importance of 
each trait in determining the relative abundance of each species from a regional species pool 
in each local community. This is done using the maximum entropy model of Shipley et al. 
(2006; 2009a). We apply this method in the particular context of land use changes whose 
impacts on both biodiversity, species and functional composition of plant communities have 
been previously highlighted (Diaz et al. 1994; Gamier et al. 2007). Four differently managed 
grasslands from southern France occurring along correlated gradients of soil fertility and 
grazing intensity were studied. We measured 12 traits on a common regional species pool of 
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68 species occurring in these communities and addressed two specific questions relative to 
these traits. 
First, what is the relative importance of these 12 traits in determining the relative abundance 
of the 68 species in our species pool and how does the relative importance of these traits 
change among the four land-use treatments? In a recent meta-analysis of vegetation response 
to grazing Diaz et al. (2007) showed that plant stature together with life history 
(annual/perennial) are affected by grazing worldwide. We therefore expect that plant height 
and life history will have considerable importance during community assembly of our sites 
and that the relative importance of these traits in determining differences in relative 
abundance will vary with grazing intensity. Leaf traits such as SLA, LNC, LDMC have been 
associated with productivity of a site (Chapin et al. 1993; Wright et al. 2004) and therefore 
should discriminate our fertilised from unfertilised treatments. 
Second, what are the minimum number of traits that are needed to accurately predict the 
relative abundance of the 68 species in our species pool in each of the four treatments, and 
does this minimum list change with land-use regime? Since our sites are all within the same 
region and had a long history of grazing before treatments were applied, we expect that some 
traits would be important in all treatments and will reflect common selective pressures acting 
on the pool at the landscape level. However, since selective forces have changed after the 
beginning of the experiment and differ between treatments, we expect that the optimal lists of 
traits would change among treatments. 
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Material and methods: 
The study site and land-use regimes: 
The study site (Domaine Experimental de la Fage, INRA) is located on an upland area to the 
northwest of Montpellier (southern France, 43°55'N, 3°05'E) with altitudes ranging from 
760 to 830 m. Mean annual temperature for the entire 1973-2006 period is 9.5°C and mean 
annual rainfall is 1070 mm. The study site is part of a region that has a long tradition of 
grazing by sheep. Four different treatments of agronomic importance to sheep farming have 
been applied to the site which has both limestone or dolomite bedrocks occurring in the area: 
(i) heavily grazed (200-450 sheep/ha, two times per year) and fertilized pastures (65/ha of 
nitrogen per year and 40 kg/ha of phosphorus every 3 years, since 1978) on limestone 
bedrock, (ii) less grazed (100 sheep/ha) and unfertilized pastures on limestone bedrock or 
(iii) on dolomite bedrock, and finally (iv) ungrazed (since 1987) and unfertilized old-field on 
dolomite bedrock. These land-use treatments therefore define a correlated gradient of 
productivity and disturbance which is also dependant of the type of soils with dolomite 
bedrocks being poorer in nitrogen and phosphorus content but richer in magnesium. 
Vegetation releves and traits screening: 
Vegetation occurring in each of these treatments was sampled between June and July 2007 at 
the peak of biomass which differed among communities. Eight quadrats (lm2) were 
randomly placed in each of the 4 treatments (32 quadrats over the entire site) and the 
abundance of each species in each quadrat was determined using 100 contact points (Daget & 
Poissonet 1971). We recorded a total of 83 species. We ranked the species in each quadrat 
according to their relative abundances and measured a set of 12 traits (Table 1) on the 68 
most abundant species following standardised protocols (Gamier et al. 2001; Cornelissen et 
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al. 2003) in order to explain at least 85 % of total abundance in each site (Pakeman & 
Quested 2007). These traits were chosen to cover many aspects of plant functioning 
(reproduction, dispersal, acquisition or conservation of resources, phenology, and 
competitive ability) and have been recognized as useful traits for studying vegetation 
response to grazing and fertilisation. 
Table 1: List of the 12 traits used in this study. 
plant lifespan (annual, perennial) was translated into a semi quantitative variable with respectively 
for annual and 2 for perennial species. 
Julian day 
Types 
Regeneration 
Phenology 
Morphology 
Leaf anatomy 
Traits 
Seed mass 
Plant lifespan 
Onset of flowering 
Onset of fructification 
Plant reproductive height 
Plant vegetative height 
Specific Leaf Area 
Leaf Dry Matter Content 
Leaf area 
Leaf Nitrogen Content 
Leaf Carbon Content 
Leaf Phosphorus Content 
Abbreviations 
SM 
LSPAN 
FLOW 
FRUC 
HREP 
HVEG 
SLA 
LDMC 
LA 
LNC 
LCC 
LPC 
Units 
Mg 
* 
jd** 
Jd 
Cm 
Cm 
m2.kg-' 
m2.g-' 
cm2 
mgg"1 
mg.g"' 
mgg"' 
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After standardizing each trait j to unit variance in order to quantify trait variation in common 
units of standard deviations, we calculated (Equation 1) their community level weighed 
means, CWM, (Gamier et al. 2004; Diaz et al. 2007a) based on the observed relative 
abundances (pn,) of each species i in each plot k. 
CWMjk=tjk=JjPlkt,J Eqnl 
Where ttj is the value of trait j for species i, and tik is the community-weighted mean value of 
trait j in community k calculated using S species. CWM therefore quantifies the average trait 
value of a randomly chosen individual of the community. 
Quantifying trait importance in the prediction of species relative 
abundances 
To determine the relative importance of different traits in explaining the abundance structure 
of plant communities and to establish the optimal list of traits to predict this relative 
abundances, we used the maximum entropy (maxent) model developed by Shipley et al. 
(2006). This model was proposed to predict, within a local community, the relative 
abundances of species from a regional pool based on plant traits. A complete development of 
the theory and methodology of this model is given in Shipley (2009a) but is simply a 
mathematical translation of the biological notion of trait-based habitat filtering. The 
probability of a particular species from the species pool being found in a given local 
community or plot (i.e. its predicted relative abundance) is a function of its traits. These 
probabilities will change across plots because the' environmental conditions in each plot, 
which select for different trait combinations. 
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Formally the relative abundance distribution for a given local community is obtained in two 
steps. First one determines those relative abundance distributions that agree with the 
measured constraints (the feasible set), defined by the community-level trait composition as 
measured by community weighed means (CWM).Then one chooses from this feasible set of 
distributions the one that has the maximum entropy and therefore do not implicitly imply any 
additional constraints (Shipley 2009b; Shipley 2009a). The general solution is the Gibb's 
equation (Equation 2) that gives the predicted relative abundance of each species i in local 
community k (p i k) as a function of its j=T traits (ty) and a series of constants (Xjk, Lagrange 
Multipliers) that are estimated during the entropy maximisation process. Each Lagrange 
Multiplier quantifies by how much a unit change in a particular trait j is associated with a 
proportional change in the predicted relative abundance (p i k) in local community k when all 
other traits are kept constant. 
<aot+.VytV 
7=1 
Pik=- f Eqn2 
le J~l 
i = \ 
When only community-weighted means, but not community-weighted variances, are 
included in the model, a positive X means that species with larger values for the trait are more 
abundant in the community when holding all other traits constant. Conversely a negative X 
means that species with larger values will be less abundant when holding all other traits 
constant. Finally, a zero value means that there is no clear directional selection on the trait 
and variation in the trait does not affect abundance. Therefore lambda values inform us both 
about the direction and the force of selection occurring during community assembly. 
Moreover, since traits are standardized to unit variance prior to analysis, it is possible to rank 
traits according to their relative importance by looking at the absolute value of lambda. 
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Statistical analysis and stepwise selection procedure 
Statistical significance of the maxent model was determined using a permutation test based 
on 500 random permutations of the observed relative abundances per quadrat (Shipley 
2009a). We first ran the maxent model with the entire set of twelve standardized traits for 
each plot. From this analysis, we extracted the lambda values of each trait in each plot (Xjk). 
Differences in lambda values across traits between the four land-use regimes were tested 
through one way analysis of variance and followed by post hoc test (Tukey HSD) to 
determine significant differences between pairs of treatments. We then established a 
hierarchy of trait importance (absolute value of the lambdas) for each community, 
corresponding to the median rank of each trait observed in the eight quadrats of each 
treatment. We finally used this information in a stepwise procedure as follows. We removed 
the least important trait in each treatment (i.e. with the lowest median rank), refit the maxent 
model, determined the resulting predictive ability and tested the significance of the model 
using a permutation test, and repeated this sequentially. R script and a DOS executable 
program to do the calculations are available from the last author. 
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Results: 
Direction and strength of environmental filtering among traits and 
treatments 
The relative importance of each trait for the prediction of community structure was evaluated 
with lambda values. We observed that lambda values obtained on each plot varied among the 
12 studied traits both in terms of direction (either negative or positive) and strength of 
selection (F=56.16, pO.OOOl). The direction and strength of selection on a particular trait 
also depended on the treatments considered (figure 1). Lambda values, and therefore the 
selection strength, of all traits changed significantly across the four land-use treatments with 
the exception of plant vegetative height (HVEG). Lambda values associated to reproductive 
plant height (HREP), leaf dry matter content (LDMC), specific leaf area (SLA), and leaf 
nitrogen content (LNC) were always positive, indicating that species with larger values of 
these traits had higher relative abundance, but the different lambda values observed among 
treatments indicate that the strength of the filtering on these traits differed across treatments. 
Lambda values for SLA, LDMC and reproductive plant height were higher in the fertilised 
and heavily grazed community (FGCa) than in the three other treatments. Lambda values for 
LNC were lower in the unfertilized and ungrazed (i.e. abandoned) treatment but were 
relatively similar in the three grazed treatments. Lambda values associated with vegetative 
plant height (HVEG) and the onset of flowering (FLOW) were always negative, highlighting 
a filtering effect toward species with a low vegetative plant height and early phenology in the 
four treatments. Selection for species that flower early in the year was especially strong in the 
abandoned community probably because of the relatively high proportions of sedges (Carex 
humilis, Carex halleriana, Carex flacca) occurring in the abandoned community. 
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Interestingly, lambda values obtained for plant longevity (LSPAN), leaf phosphorus content 
(LPC), seed mass (SM), leaf area (LA) and the onset of fructification (FRUC) were either 
positive or negative in different land-use treatments. This demonstrated a filtering effect in 
opposite directions under different land-use regimes. There was a strong selection favouring 
an early date of seed maturation in the fertilised and heavily grazed community (FGCa) that 
is associated to the abundance of winter annuals in that community. However this trait was 
not important in the other communities. In the same way, species with a low leaf 
phosphorous content and small leaf areas were strongly selected in the communities that did 
not receive fertilizer, but these two traits were not important in the fertilized community. The 
filtering effect on seed mass also differed among land use regimes. In the fertilized and 
heavily grazed community small seeded species were favoured while large seeded species 
were favoured in the abandoned community. Lambda values associated with plant longevity 
were relatively large, positive, and similar in sites on dolomite bedrock, meaning that 
perennial species are more abundant in these sites. On the other hand no consistent selection 
for either annual or perennial species was observed on limestone bedrock. 
Prediction of species abundances and optimal list of traits 
Using all 12 traits, we were able to explain 72% of the variation in species abundances over 
the full data set (figure 2a) and from 65% to 81% of variation in each treatment (Table 2). 
Although we observed a better fit for the fertilised and heavily grazed treatment compared to 
the others, the r2 and RMSE between observed and predicted calculated in each plot were not 
significantly different between the 4 treatments (ANOVA, F=1.12, p=0.36; F=1.52, p=0.23 
respectively for r2, RMSE). Permutation tests showed that the model fit was highly 
significant over the full data set (pO.0001). 
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As shown in table 2, predictive ability of species relative abundances was reduced as we 
decreased the number of traits included in the maxent model. However, based on the 
stepwise selection procedure, we were able to reduce in each treatment the initial list of 12 
traits to six important traits with only a small decrease in predictive ability (table 2, figure 
2b). Predictions obtained with 4 or 5 traits were also significant in all treatments but the 
accuracy of prediction at these two steps of the analysis was poorer (table 2). 
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Figure 2: Predicted and observed relative abundances of the 68 species over the 32 plots. 
This is done when the CWM values of the 12 traits were used as constraints (A), and with only CWM 
of the 6 most important traits (B). Each point represents a species in a particular plot. We reported on 
each graph the determination coefficient (r2) and root mean square error of prediction (RMSE). 
Table 3 gives the optimal list of plant traits corresponding to each treatment. Vegetative 
(HVEG) and reproductive (HREP) plant heights as well as leaf nitrogen content (LNC) and 
leaf dry matter content (LDMC) were selected by the stepwise selection procedure in all 
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treatments, thus indicating the relevance of these four traits in explaining species abundance 
in all treatments. Leaf phosphorus content (LPC) was also an important trait since it was part 
of the optimal traits list in three of the four treatments. Traits associated with phenology as 
well as seed mass (SM) and leaf area (LA) were more or less important depending on the 
treatment considered. For example onset of fructification (FRUC) was part of the optimal 
trait list in the fertilized and heavily grazed pastures but was removed early from the analysis 
in the three other treatments. At the other extreme leaf carbon content (LCC) was the first 
trait to be removed in all treatments with almost no effect in the accuracy of the subsequent 
prediction. 
Table 3: Optimal lists of traits resulting from the stepwise selection procedure of traits in the 
different land-use treatments. 
Traits are given in order of importance from the most important to the less important in determining 
community structure. Hierarchy is based on the mean lambdas values of each trait reported over the 8 
quadrats of each treatment. 
TREATMENTS OPTIMAL LISTS 
FGCa HVEG, HREP, LDMC, SLA, FRUC, LNC 
fGCa HVEG, LDMC, HREP, LNC, SLA, LPC 
fGDo LNC, HVEG, LDMC, HREP, LSPAN, LPC 
fgDo LDMC, HVEG, LPC, LNC, HREP, FLOW 
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Discussion: 
Limit of the approach 
Because the maximum entropy model is derived from Information Theory, each lambda 
values quantifies the amount of information gain in predicting relative abundances provided 
by a given trait constraint, given the information already encoded in the other constraints. 
However, when the traits have strong patterns of covariation then the amount of information 
gain - and therefore the strength of the lambda value - provided by a trait will depend on 
which other traits are also included in the model. This is similar to the Lande & Arnold 
(1983) approach of measuring the strength of.phenotypic selection using multiple regressions 
in which the strength of the partial slopes will depend on which other variables are also 
included. Since many functional traits are correlated (Reich et al. 1992; Wright et al. 2004 ), 
any biological interpretations of the lambda values must take such patterns of covariation into 
account. The problem of correlated traits also raises the common statistical problem of model 
selection when searching for a parsimonious set of traits. We have found our method of 
backward stepwise selection to yield reasonable results but more statistical research on this 
question is needed. Perhaps a better way to address this issue would be to conduct an 
investigation of patterns of correlation and hypothetical causality between traits using 
structural equation modelling before to the stepwise selection, in order to reduce covariation 
in the initial set of traits. In our study, onset of flowering and onset of fructification were 
highly correlated suggesting that we could use only one of these two traits (see appendix 1 
giving the correlation matrix between the 12 traits). 
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Testing our approach with experimental data: patterns of traits filtering 
under different land use regimes 
In a recent meta-analysis of vegetation response to grazing involving 197 studies from all 
regions of the world, Diaz et al. (2007b) showed that grazing selects for short species having 
a prostrate or rosette architecture. Looking at lambda values associated to plant reproductive 
and vegetative heights in each treatment, we confirm the conclusion of Diaz et al. (2007) and 
are able to quantify the selective advantage of each trait. Indeed, we observed that all 
treatments, and especially all grazed treatments, favored species with tall reproductive height 
but short vegetative height, often resulting in a rosette like architecture. Another recognized 
pattern is that grazing may select for annual species (Grime 1979; Diaz et al. 2007b) that 
produce small seeds (Kahmen et al. 2002; Pakeman et al. 2008). Although we observed a 
selection for species producing small seeds in the grazed treatments on limestone bedrock, 
grazing did not select for annual species. We observed that environment favored perennial 
species and species with large seeds on the abandoned treatment (fgDo). This is presumably 
why a large seeded species, Stipa pennata, dominates this abandoned community. 
We observed that species that have a high SLA, high LPC and to lesser extent a high LNC 
were more strongly selected in the grazed and fertilized treatment than in the other grazed 
treatments. These characteristics have been associated with a high relative growth rate 
(Lambers & Poorter 1992; Reich et al. 1999) and are typical of species tolerant of grazing 
(Sala et al. 1986; Landsberg et al. 1999; Diaz et al. 2001) because they allow individuals to 
regrow rapidly after a grazing event. Therefore, our results support the statement that highly 
productive sites select for traits and species that are tolerant of grazing (Cingolani et al. 
2005). Surprisingly, species with both higher LDMC and higher SLA were more abundant in 
the fertilized and grazed treatment. This may seem counterintuitive because LDMC is 
generally negatively correlated with SLA (Wright et al. 2004). This result could, however, be 
explained by a parallel selection for species with thinner leaves since SLA is a product of 
both LDMC and leaf thickness. We didn't measure leaf thickness in our study but Vile et al. 
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(2005) showed that leaf thickness could be estimated from a combination of LDMC and 
SLA. We therefore estimated leaf thickness based on the equation proposed by Vile et al. 
(2005) and re-did our analysis including this trait. The fertilized and grazed treatment did 
strongly select for species with finer leaves and, when leaf thickness was included, SLA 
became much less important while LDMC retained its importance as judged by the 
associated lambda values. Thus, it appears that the fertilized and grazed treatment selected 
for species having thinner but denser (i.e., better defended) leaves via higher LDMC thus 
allowing them to maintain the same average values of SLA. This again shows the importance 
of considering trait covariation when interpreting the lambda values. 
Testing our method with experimental data: the optimal lists of traits 
Using all 12 traits, we were able to accurately predict community structure in the different 
treatments of the study. We show that it is possible to predict community structure in each of 
the four differently managed herbaceous plant communities by simply knowing the values of 
six traits that are easy to measure or already available for a large number of species (Kleyer 
et al. 2008) along with the expected community-weighted values of each trait. Despite 
differences in the land-use treatments, we observed that four traits were important in the 
whole study area although their quantitative strengths differed. They consist of plant 
reproductive (HREP) and vegetative (HVEG) heights, leaf nitrogen content (LNC) and leaf 
dry matter content (LDMC). Two further traits were required for good predictive ability but 
which of these are required varied with treatments. Thus, vegetation structure in our 
communities is primarily determined by a few key traits. We couldn't further reduce the 
number of traits without significantly reducing the accuracy of predictions. This also suggests 
that the four core traits could be used as an initial and common set of traits for studies 
interested in vegetation response to grazing and fertilisation, which can be completed by a 
few more specific traits. 
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CONCLUSIONS GENERALES 
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Au cours de ce doctorat, j 'a i tent£ de repondre a trois objectifs distincts. Dans un premier 
chapitre, j 'ai quantifi£ les relations entre la structure fonctionnelle des communautes 
vegetales (i.e. leur composition en traits) et deux gradients environnementaux majeure, le 
stress et les perturbations. Contrairement aux rSsultats obtenus dans des etudes anterieures, 
j 'ai observe que les valeurs moyennes de traits (CWM) calcutees sur chaque communaute 
n'etaient pas ou faiblement reliees aux niveaux de stress et de perturbation caracterisant 
chaque site. Bien que d'autres etudes ont egalement montr6, par exemple, que la surface 
specifique foliaire (SLA) n'etait pas forcement relive a un gradient de fertilisation et de 
paturage (Rusch et al., 2009), le manque de reponse de l'ensemble des traits dans cette etude 
est surprenant. Les communautes etudiees £tant des communautes v£g£tales de debut de 
succession, j 'a i suppose que pour ce type de communaute les facteurs stochastiquts lies a 
l'historique d'arrivee des especes sur le site, prevalaient sur les processus deterministes de 
selection des especes basee sur leurs traits. Un suivi de ces communautes dans le futur 
pourrait permettre de confirmer ou invalider cette hypothese. De plus, j 'a i egalement calcule 
pour chaque communaute et chaque trait un indice de dispersion (CWV) que nous avons 
ensuite reli6 aux deux gradients environnementaux etudies, dans le but de valider ou 
d'invalider les hypotheses de Grime (2006) concernant la convergence et la divergence des 
traits dans les communautes. Contrairement aux hypotheses de Grime (2006) il n'y avait pas 
de convergence dans les valeurs des traits relies au stress (surface specifique foliaire, teneur 
en matiere seche des feuilles et teneur en azote foliaire). Les resultats obtenus en relation aux 
perturbations sont, quant a eux, plus difficiles a interpreter puisque le gradient de 
perturbation, trop court, s'est avere insuffisant pour verifier Phypothese de divergence des 
traits de regeneration induite par les perturbations. Ceci met Egalement l'emphase sur le fait 
que les patrons observes en relation avec les perturbations, au cours de cette etude, pourraient 
etre fortement specifique des sites etudids. D'autres etudes, suivant les patrons de variations 
de traits le long de gradients continus de perturbation, sont done necessaires. II serait 
particulierement interessant d'appliquer cette methode sur des communautes de milieu ou fin 
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de succession, afin de determiner si, dans cet autre contexte les patrons de relations entre 
traits et environnement sont plus forts et si les hypotheses de Grime (2006) y sont verifiees. 
Au cours du deuxieme chapitre, j 'ai teste si les traits des especes pouvaient permettre de 
predire la structure d'abondances dans les communautes vegetales. Pour cela, j 'ai teste a un 
modele de prediction (maxent) recemment d^veloppe par Shipley et al. (2006) et tente d'en 
determiner ses capacites et ses limites. En utilisant une large banque de donnees provenant 
d'Angleterre (Grime et al., 1988), j 'ai confirm^ les fortes capacites de predictions du modele 
original. J'ai 6galement propose un modele derive de Poriginal tenant en compte de 
l'abondance des especes du pool dans le paysage entourant les communautes. Les resultats 
obtenus avec ce modele se sont averes plus precis. Cependant, 1'ensemble des analyses 
presentees dans ce chapitre reposent sur des resultats obtenus en utilisant les valeurs 
moyennes de traits (CWM) calculees via les donnees d'inventaires. En effet, l'absence de 
donnees environnementales precises dans la base de donnees de Sheffield, m'ont empeche 
d'obtenir des valeurs de CWM de facon independante. Par consequent, je n'ai pas adress6 ici 
le probleme pratique de circularite, souleve" en introduction, qui necessite d'obtenir les 
valeurs moyennes des traits de facon independante. Le travail pr^sente dans cette these 
determine neanmoins si les traits sont des predicteurs significatifs des abondances relatives 
des especes et etabli une limite superieure de prediction puisque les valeurs de CWM 
obtenues de facon independante seront toujours moins precises. 
Dans le troisieme chapitre, j 'a i propose une methode permettant de determiner 1'importance 
relative de differents traits durant 1'assemblage des communautes et done dans la 
determination de la structure d'abondances des communautes. Pour ce faire, j 'ai d'abord 
quantifie, par le biais du modele maxent, les directions et les forces de selection associees a 
differents traits et comparer ensuite ces valeurs entre traits et dans differents environnements. 
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En appliquant cette methode a des communautes v£getales soumises a des pressions de 
paturage et de fertilisation differentes, j 'ai pu identifier four traits particulierement importants 
dans la determination de la structure de ces difterentes communautes, la hauteur v£g£tative et 
reproductrice, la teneur en matiere seche des feuilles et la teneur en azote foliaire. Parmi ces 
traits, la teneur en matiere seche des feuilles pr^sente un interSt particulier. En effet, ce trait 
deja identifie comme un trait de reponse au changement dans l'utilisation des terres (Louault 
et al., 2005 ; Gamier et al, 2007) semble £galement influencer le fonctionnement des 
ecosystemes (Gamier et al, 2007). L'importance de la hauteur reproductrice et de la hauteur 
vegetative dans notre etude n'est pas surprenante, puisque que la hauteur est- un trait 
clairement associe aux paturage (Cingolani et al, 2007 ; Diaz et al, 2007b) et au niveau de 
fertilite des sites (Grime, 1979 ; Gaucherand et al, 2007). Pour obtenir des predictions 
precises, deux traits supplementaires se sont av6res neanmoins necessaires, lesquels 
dependent du regime d'utilisation des terres considered La methode utilised dans ce chapitre 
est simple a mettre en oeuvre, rendant son application a d'autres etudes facile. Recemment, 
Bernhardt-Romermann et al. (2008) ont e"galement propose" une methode statistique 
permettant d'obtenir une liste de traits parcimonieuse mais non dans le but de predire 
l'abondance des especes. II serait interessant d'appliquer ces deux methodes au meme jeu de 
donnees, et determiner si les traits identifies comme importants par ces deux methodes sont 
identiques. 
L'ensemble des objectifs adresses durant cette these, comme la plupart des autres etudes 
utilisant l'approche trait, ne tient pas compte de la plasticite phenotypique des especes. L'une 
des suppositions de base du modele maxent est que la variability inter sp£cifique est plus 
importante que la variabilite intra specifique. Cependant, certaines especes peuvent presenter 
une plasticite phenotypique importante. Un developpement futur du modele serait de pouvoir 
inclure la plasticite des especes dans le modele. Une approche alternative serait de mesurer 
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les traits des esp&ces dans differents environnements et d'utiliser la valeur moyenne 
correspondant a l'environnement 6tudie. 
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